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Development of a hybrid gelatin hydrogel platform
for tissue engineering and protein delivery
applications

Xiaodi Sun,** Xin Zhao,*t"" Lili Zhao,” Qing Li,** Mathew D’Ortenzio,” Brandon

Nguyen,® Xin Xu,*” Yong Wen™""

In this study, to improve the cellular interaction and protein release of gelatin
hydrogels, we reported the development of a new hybrid hydrogel platform as
promising tissue engineering scaffolds and drug delivery carriers. The biodegradable,
biocompatible hybrid hydrogel platform was fabricated from gelatin methacrylamide
(Gel-MA) and arginine based unsaturated non-peptide polycations (Arg-UPEA)
through UV photo-crosslinking, combining the favorable properties of gelatin and
arginine. The hydrogels were systematically characterized based on mechanical
property, swelling mechanics, interior morphology, and biodegradation capability.
The in vitro biocompatibility study showed that the hybrid hydrogels have better
performance than GelMA hydrogels, in terms of cell attachment and proliferation.
Therapeutic proteins were loaded into the hydrogels and their release behavior was
investigated. The loading and release profiles indicated that the new cationic gelatin
hydrogels could significantly improve the protein loading capabilities, and release the
proteins in vitro in a sustained manner. The structure-function study indicated that the
material composition has a large effect on the properties of the hydrogels.

of the gold standards in terms of biocompatibility and assisting cell

With the ability to swell and hold large amounts of water in the
wet state' >, hydrogels generally consist of three-dimensional (3D)

material networks that are cross-linked chemically and/or physically*

3. Due to their significant water content, hydrogels also possess a
degree of flexibility and softness similar to natural tissues'™.
Different from other formulations®'?, hydrogels have shown
significant advantages and attracted strong interests in the fields of
tissue engineering and drug delivery because of their high water
content, 3D microporous structure, biocompatibility, organic solvent
free environment, permeability for oxygen and nutrients, and tissue-
like elastic properties' >,

Among the reported hydrogel systems, natural material based
hydrogels, such as dextran, chitosan, hyaluronic acid, alginate and
collagen/gelatin, have received plenty of attention due to their high
biocompatibility and natural abundance'®?. Gelatin, the denatured
form of collagen, has been widely utilized and considered as the one

This journal is © The Royal Society of Chemistry 2013

attachment and proliferation”*°. Because gelatin itself will dissolve
under 37 °C, solid gelatin scaffolds need to be fabricated via
physical or chemical means®*', Glutaraldehyde crosslinking method
is the main chemical strategy®® *°, however, it may cause toxicity of
the material. For photochemical means, the gelatin need to be first
modified into photo-crosslinkable materials, such as gelatin
methacrylamide (Gel-MA)*" ?®. However, due to the extremely
complicated mechanism of tissue or organ regeneration, the
currently available hydrogel scaffolds may not meet the high
requirements or demands of tissue engineering under many
circumstances®” % 32, For example, one of the major limitations is
the unsatisfactory cellular attachment and proliferation performance
of scaffolds, even for the gelatin based platforms®” ** 2. The
inadequate cellular interactions greatly limit biomedical applications
since cellular interactions are critical at the start of tissue/organ
regeneration. Another limitation is the low efficacy of delivering and
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releasing large biomacromolecules, such as proteins and nucleic
acids, in a spatiotemporal manner. Due to the large interior pore size,
hydrophilicity, 3D microporous structure and fast diffusion of drug
molecules in aqueous environments, hydrogel releasing rates of
drugs are normally rapid'*. Other key limitations include
unacceptable and uncontrollable biodegradation rates and
mechanical properties®” 2> 32, Here one important question arises:
without decreasing their biocompatibility, could the gold standard
hydrogel platforms show enhanced cellular interactions and drug
releasing  performance, along with tuneable mechanical
property/biodegradation rates?

For the above question, a few strategies have been investigated
for plenty of hydrogel platforms, including physically mixing new
components/systems and chemical modifications™°. Among them,
fabricating hybrid hydrogels containing two or more components

, 37-3 .
26,3739 The chemical

(precursors) have aroused strong interests
introduction of new functional precursors could help to tune or bring
new properties/functionalities to hydrogels, these may include
charge properties, mechanical properties, tuneable degradation rates,
hydrophobic/hydrophilic properties, pH and temperature responsive
properties, and functional groups®® **-%,

In this study, aiming to obtain new gelatin based hydrogel
platforms with better biological and drug release performance than
the collagen/gelatin hydrogels,
the

unsaturated poly(ester amides)

we proposed the following

hypothesis: chemical introduction of cationic arginine

into gelatin hydrogels could
significantly improve their cellular interactions, tune the degradation
property,
biocompatibility because of their inherent strong cationic property

rate and mechanical while keeping excellent
and biocompatibility. Gelatin was chemically modified here into
photo-crosslinkable gelatin methacrylamide (Gel-MA). The second
components, a family of arginine based unsaturated poly(ester
amide)s (Arg-UPEA), were developed due to their strong cationic
property, tunable properties, very low cytotoxicity and muted
inflammatory response®. The hydrogels were fabricated by UV
photo-crosslinking, from the mixture of Gel-MA and Arg-UPEA
aqueous solutions. The physicochemical properties, biocompatibility
the then

systematically evaluated. In addition, to evaluate the capability for

and biological performance of hydrogels were
sustainable release of proteins, bone morphogenetic protein (BMP)
was selected as a model protein drug in this study, and was pre-
loaded into the hydrogels before photo-crosslinking. The various
hydrogel formulations were then characterized in terms of in vitro

release kinetics.

Experimental

Materials

Type A porcine skin gelatin (gel strength 300, cat No:
G2500, MW  around 330 kD), 2-Hydroxy-l- [4-
(hydroxyethoxy) phenyl]-2-methyl-1-propanone (Irgacure 2959),
L-Arginine (L-Arg), p-toluenesulfonic acid monohydrate,
fumaryl chloride, ethylene glycol, 1, 4-butanediol, 1, 6-
hexanediol, p-nitrophenol, triethylamine and lipopolysaccharide
(LPS, from E. coli 0111:B4) were purchased from Sigma-
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Aldrich (St. Louis, MO) and used without further purification.
BMP-2 and BMP-2 ELISA kit were purchased from R&D
systems. TNF-a ELISA kit was purchased from Invitrogen
(Carlsbad, CA). Other chemicals and reagents, if not otherwise
specified, were purchased from Sigma-Aldrich (St. Louis, MO).

Synthesis of Hydrogel Precursors

The Gel-MA precursor was synthesized following a
previously reported method®”: %%, Briefly, 6.0 mL of methacrylic
anhydride was added into 100 mL 10 wt% gelatin phosphate
buffer solutions (PBS) at 60°C, and was vigorously stirred for 3
h. After purification, Gel-MA was obtained with a degree of
The Arg-UPEAs were
synthesized by the polycondensation method reported before®”
40 Briefly, the

dicarboxylic acid (I) and tetra-p-toluenesulfonic acid salts of

methacrylation of around 50-60%.

unsaturated di-p-nitrophenyl ester of
bis (L-arginine), o, w-alkylene diesters (II) were prepared first
following previous reports. After that, the Arg-UPEA (IIT) was
prepared via solution polycondensation of (I) and (II). The
molecular weight (MW) of Arg-UPEA is around 10.0-15.0
kg/mol. The Gel-MA or Arg-UPEA precursors were purified
first by dissolving the precursors in distilled water and were
dialyzed against deionized water (MW cut off 4,000) under a
Next,
lyophilized for 5 days using a freeze-drier at -45 °C.

dark environment for 5 days. the solutions were

Preparation of Hydrogels

Gel-MA/Arg-UPEA hybrid hydrogels were prepared by the
photo-polymerization of two precursors (Gel-MA and Arg-
UPEA) at different weight ratios in aqueous solution with an
initiator. An example of the fabrication protocol is given below:
0.40g of Gel-MA, 0.10g of 2-UArg-2-S and 5.0 mg of
photoinitiator Irgacure 2959 (1.0 wt% of total amount of
precursors) were added into a glass vial and dissolved in 3.5
mL of distilled water to form a clear homogeneous solution.
The solution mixture was then transferred into a 20-well Teflon
mold (diameter 12 mm and thickness = 4 mm for each well).
Then, the precursor solution in the mold was irradiated using a
long-wavelength UV lamp (365 nm, 100 W) for a specific time
(normally 1-2 min) at room temperature. The irradiation
5-10 cm.
hydrogels were removed from the mold and soaked for 24 h in

distance was After fabrication, the resultant
distilled water or buffer to remove the toxic residues, then dried
in a vacuum at room temperature for 24 h prior to further
characterization. For protein loaded hydrogels, a pre-
determined amount of proteins were mixed with the precursor
fabrication

solution before photo-crosslinking. All other

conditions were same.

Equilibrium Swelling Ratio & Swelling Kinetics of Hydrogels

The equilibrium swelling ratio (Q,,) of the hydrogel is
calculated by the following equation: Q,, = [(W, -Wy)/ W]
%100 %, where W, is the weight of a swollen hydrogel at
equilibrium, and W, is the weight of the corresponding dry
hydrogel at t = 0. All swelling ratio results were obtained from
triplicate samples and data were expressed as the means +

This journal is © The Royal Society of Chemistry 2012
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standard deviation. The swelling kinetics of the Gel-MA/Arg-
UPEA hydrogels was measured over a period of 48 h at room
temperature. Each dry Gel-MA/Arg-UPEA hydrogel sample
was weighed and immersed in 20 mL of solutions with different
parameters for predetermined periods. Before weighing, the
samples were taken from the solutions and blotted with filter
papers to remove excess surface water. The swelling ratio (Q)
of the hydrogels, at time t, is calculated by the following
equation: Q = [(W, -W,)/ W] x100 %

Compressive Modulus of Hydrogels

The mechanical property of the Gel-MA/Arg-UPEA
hydrogels was measured by a 2980 Dynamic Mechanical
Analyzer (DMA) (TA Instruments Inc., New Castle, DE) in
““controlled force’” (CF-mode) mode. The swollen hydrogel
samples, as circular discs, were submerged in distilled water
and mounted between the movable compression clamp
(diameter 30 mm) and the fluid cup with a 0.1 N preloading
force. A force ramp from 0.1 N at a rate of 0.3 or 0.5 N/min
was applied. All measurements were carried out at room
temperature. The compression elastic modulus (E) of the
swollen hydrogel was extracted by plotting the compressive
stress versus strain. All compression elastic modulus data in
this study were obtained from triplicate samples and data were

expressed as the means + standard deviation.

In vitro Enzymatic Biodegradation of Hydrogels

The in vitro biodegradation of the Gel-MA/Arg-UPEA
hybrid hydrogels was evaluated using collagenase type II*!.
Briefly, a freshly prepared and purified hydrogel was placed
into a glass vial containing 10 mL PBS buffer (pH 7.4, 0.067
M) or 2U/mL collagenase in 10.0 mL PBS buffer. The hydrogel
(dry weight around 0.10-0.20 g) was then incubated at 37 °C
with constant reciprocal shaking (ca. 100 rpm). At the end of a
predetermined period, the hydrogels were removed (or
collected by filtration if broken into small parts), then washed
with distilled water 3 times, and dried in a freeze drying
machine for 24 h to completely remove the residue water. The
collagenase solution was refreshed every other day to maintain

enzyme activity.

Interior Morphology of Hydrogels

Interior morphology of Gel-MA/Arg-UPEA hydrogels was
investigated using a scanning electron microscope (SEM). The
swollen hydrogel samples, after reaching their maximum
swelling ratio in distilled water at room temperature, were
quickly frozen in liquid nitrogen and then freeze-dried under
vacuum at -48 °C for 2 days until all water inside the hydrogel
was sublimed. The freeze-dried hydrogel samples were then
cut, fixed on aluminum stubs, and coated with gold for 30
seconds for interior morphology observation with a SEM
instrument (Leica S440, Germany).

Cell Attachment and Proliferation on Hydrogel Surface and
inside Hydrogel

This journal is © The Royal Society of Chemistry 2012
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The cellular interaction of the Gel-MA/Arg-UPEA hybrid hydrogel
surface and inside hydrogel was evaluated in terms of the cell
attachment and proliferation performance. For cellular interaction on
hydrogel surface, pure Gel-MA and PEG-DA (MW 8,000) hydrogels
were selected as the hydrogel controls. The cells used for this study
were Hela cells (ATCC, Manassas, VA). The purified swollen
hydrogels were cut into round shapes with a diameter that just filled
the well of a 24-well cell culture plate, and incubated at 37 °C in cell
culture media. The hydrogels were sterilized under UV light (in the
cell culture hood) for at least 2 h before being put into the 24-well
cell culture plates. After that, the hydrogels were washed twice by
PBS buffer and cell culture media. Then, the hydrogels were placed
into the wells of the cell culture plate and fixed by a sterilized rubber
ring, which had the same diameter as the well of cell culture plate.
The cells were seeded at an appropriate cell density (40,000
cells/well) and incubated overnight. The media was changed after 12
h to wash the unattached cells. After 48 h of incubation, the cell
attachment and proliferation on the hydrogel surface was recorded
using an optical microscope. For cellular interaction study inside
hydrogels, precursors/initiators were pre-dissolved in serum free
medium (5.0 wt%). Then the solution was quickly mixed with
predetermined amount of freshly collected NIH 3T3 fibroblasts (cell
concentration 1 million/mL gel). The mixed solution was then
transferred into 96 well cell culture plates (100 pL/well), irradiated
using the 100W UV lamp for 1 min at room temperature. After that,
100 uL 20 wt% FBS media was added into each well and the cells
encapsulated in hydrogels were cultured at 37 °C in 5 % CO,.
Medium was replaced everyday. Cell proliferation was enumerated
using PicoGreen®DNA quan-tification assay. 500ul of 50pg/ml
proteinase K solution was added to each sample followed by
incubation at 37°C overnight and sub-sequent centrifugation at 4°C
at 14,000 rpm for 10 min. In the dark,100 pLl of supernatant was
mixed with 100 ul of PicoGreen solution(1:200 dilution) for 5 min.
Using 485 and 520 nm as excitation and emission wavelengths
respectively, fluorescence of the samples was measured using a
microplate reader (BioTex, Inc. TX).

In vitro Inflammatory Response of Hydrogels

The in vitro inflammatory response of the Gel-MA/Arg-
UPEA hydrogel was studied according to the reported
protocol®®. J774 macrophages (ATCC, Manassas, VA) were
seeded onto the hydrogel surface in 24-well tissue culture plates
at a cell concentration of 10,000 cells/well. Positive controls
were glass coverslips in media containing LPS at final
concentrations of 1.25 pg/mL and 5.00 pg/mL. A cell free
media alone was used as a cell-free negative control. Cells
cultured without hydrogels and Gel-MA hydrogels were also
used as controls. Macrophage activation after 48 h of
incubation was measured using an ELISA kit, to measure
released mouse TNF-a according to the manufacturer’s
protocol. Sample TNF-a concentrations were calculated from a
standard calibration curve using a 4-parameter standard curve-
BioTek
All testing samples were run in triplicate

fitting algorithm (Gen5 software, Instruments,
Winooski, VT).

(N=3). All samples and standards were read in duplicate on a
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96-well plate reader at 450 nm and referenced against a
chromogen blank.

Controlled Release of Proteins via Hydrogels

The release of BMP-2 from the Gel-MA/Arg-UPEA
hydrogels was carried out in a PBS buffer solution at 37 °C.
Proteins were preloaded into the hydrogel samples according to
the following protocol: pre-determined amounts of protein were
directly mixed with Gel-MA first, then mixed with Arg-UPEA
precursors and photo-initiators in distilled water, and finally the
solution mixture was UV irradiated for 1-2 min to form protein
loaded hydrogels. The protein loaded hydrogels were then
placed inside small vials containing 10.0 mL PBS solution (one
piece of hydrogel per vial). The vial was incubated at 37 °C
with constant reciprocal shaking (ca. 100 rmp). The protein
contents were then analyzed by an ELISA assay. The released
BMP-2 proteins were also collected and compared with the
untreated BMP-2 proteins (same concentration) using ELISA
assay. All protein release tests, at each time point, were carried
out in triplicate and the variation was expressed as a standard
error of the mean.

Results and Discussion

It’s been reported that arginine-based material could improve the
cellular interactions of synthetic and natural hydrogels. However,
these improvements are based on the poor or normal cellular
performance of the original hydrogels. For those “gold standard”
hydrogels with superior cellular interaction performance, whether
Arg-UPEA could help the improvements have not yet been
investigated. To achieve excellent cellular interactions, especially for
the gelatin based hydrogel platforms, we developed a novel
biocompatible and biodegradable hybrid hydrogel platform utilizing
a new simple fabrication strategy. This would maximally keep the
original hydrogels properties and be suitable for tissue engineering
and drug delivery applications. Subsequently, the hybrid hydrogel
system combines the favorable properties of Gel-MA and arginine
polymer (high pKa). The variety of the hydrogel component types
and parameters (molecular weight, component ratio, crosslinking
density) can allow us to engineer the hydrogel platforms for a wide
range of tissue engineering and drug delivery needs.

Synthesis of Precursors

In this report, Gel-MA was
component due to its excellent biocompatibility,
solubility, toxicity, immunogenicity
photocrosslinkability. The synthesis and characterization details
of the Gel-MA could be found in the supporting information.

For Arg-UPEAs, the synthesis and characterization details
can also be found in the supporting information. The
unsaturated di-p-nitrophenyl ester of dicarboxylic acid
(Monomer I, di-p-Nitrophenyl Fumarate (NF), x=2) was
prepared by reacting fumaryl chloride with p-nitrophenol as
previously reported. Moreover, three types of p-toluenesulfonic
acid salt of L-arginine diesters (Monomer II) were prepared in

chosen as a precursor
water
and

low low

4| J. Name., 2012, 00, 1-3

this study: tetra-p-toluenesulfonic acid salt of bis (L-arginine)
ethane diesters Arg-2-S (y=2); tetra-p-toluenesulfonic acid salt
of bis (L-arginine) butane diesters, Arg-4-S (y=4); tetra-p-
toluenesulfonic acid salt of bis (L-arginine) hexane diesters,
Arg-6-S (y=6). Arg-UPEAs were prepared by the solution
polycondensation of (I) and (II) monomers at different
combinations. The Arg-UPEAs synthesized here with different
combinations of diacids and diols building blocks were: 2-
UArg-2-S, 2-UArg-4-S and 2-UArg-6-S. The three Arg-UPEAs
synthesized have significantly different solubility in aqueous
solutions due to the different CH, segment in the repeating unit,
indicating different hydrophobicity.

_’_ /\Q NH
(Pi;@— '()~%
Arg-UPEA

4 5| | 7|
it st

R
W

With or without proteins

Figure 1, Illustration of the chemical structure of hydrogel
precursors (Gel-MA (left) and Arg-UPEA (right)) and the photo
image of Gel-MA/2-UArg-2-S (4:1, w: w) hydrogel (swollen
(left) and dry (right))

Fabrication of Hydrogels

In this report, Gel-MA and Arg-UPEA were photo-
crosslinked by UV treatment, with Irgacure 2959 as the photo
initiator in an aqueous system. For easy comparison, the
amount of Gel-MA in solution was fixed at 10 wt %. To keep
the gelatin as the majority component of hydrogel, the weight
ratio of Gel-MA to Arg-UPEA was chosen at 9:1, 4:1, or 3:2 in
this report. In this study, the hybrid hydrogel was named: Gel-
MA/Arg-UPEA (m/n, w/w), where m/n is the weight ratio of
Gel-MA to Arg-UPEA. Table S1 is the summary of the
developed hydrogels. The photo-crosslinking time
suggested to be as short as possible so that the bioactivity of the
proteins would not be affected. Meanwhile, to maximally
reduce the side crosslinking of Gel-MA and Arg-UPEA, the
precursor should be completely mixed well and the crosslinking
rate should also be as quick as possible. Therefore, a 100W UV
light is utilized so that the photo-crosslinking could be finished
within minutes (typically 1-2) depending on the composition of
the hydrogel. An increased amount of Arg-UPEA inside the
hydrogel would need a longer time due to the relative weak
reactivity of the double bonds of Arg-UPEA. Figure 1 showed
the chemical structure of Gel-MA, Arg-UPEA and the image of
a Gel-MA/2-UArg-2-S hydrogel (swollen (left) and dry (right)).

was

This journal is © The Royal Society of Chemistry 2012
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All the fabricated GEL-MA/Arg-UPEA hydrogels in this report
were light white or colorless after reaching their swelling
equilibrium. The yields of formed hydrogels were evaluated in
terms of the mass conversion percentage. Table S1 indicated
that the percentage is high (around or above 90 wt%), which
may be due to the very high UV irradiation power, making the
crosslinking to be finished within seconds or minutes. The
successful formation of hydrogels was confirmed by the
formation of stable 3D scaffolds and the other characteristics
including swelling capability, mechanical property, interior 3D
morphology (SEM), and other

enzyme biodegradation

properties.

Equilibrated Swelling Ratio & Swelling Kinetics of Hydrogels

The swelling activity of the developed hydrogels was
systematically investigated in terms of the equilibrated swelling
ratio and the swelling kinetics as a function of hydrogel
compositions (the weight feed ratio of Gel-MA to Arg-UPEA)
and y value of Arg-UPEA.

For the swelling ratios at equilibrium (SRE), they were
tested in both 1X PBS buffer solutions and deionized water (DI
water). Figure 2 shows the SRE at room temperature for the
Gel-MA hydrogels. Due to the strong cationic property of Arg-
UPEA, the SRE of Gel-MA/Arg-UPEA hydrogels in DI water
was always slightly higher than that of the corresponding
hydrogels in PBS solution. Additionally, the SRE of all Gel-
MA/Arg-UPEA hybrid hydrogels were higher than that of pure
Gel-MA hydrogel both in DI water and PBS, respectively.
These results implied that the introduction of Arg-UPEA
moiety did enhance the SRE of the hybrid hydrogels. The SRE
of the hybrid hydrogels generally increase with the increasing
of weight feed ratio of Arg-UPEA to Gel-MA either in PBS
buffer or DI water. Furthermore, the SRE of the hybrid
hydrogels increase with an increase of the y value of the Arg-
UPEA either in DI water or PBS solution at a fixed weight ratio
of Arg-UPEA to Gel-MA.

ODI water EPBS buffer

Equilibrium Swelling Ratio

g h i i
Figure 2, Equilibrated swelling ratio of Gel-MA/Arg-UPEA
hydrogels in PBS (pH=7.4) solution and DI water at room
temperature. a) Gel-MA; b) Gel-MA/2-UArg-2-S (9/1, w/w);c)
Gel-MA/2-UArg-2-S/ (4/1, wiw); d) Gel-MA/2-UArg-2-S (3/2,
w/w); e) Gel-MA/2-UArg-4-S (9/1, w/w); f) Gel-MA/2-UArg-
4-S (4/1, wiw); g) Gel-MA/2-UArg-4-S (3/2, w/w); h) Gel-
MA/2-UArg-6-S (9/1, w/w); i) Gel-MA/2-UArg-6-S (4/1,
w/w); j) Gel-MA/2-UArg-6-S (3/2, w/w)

This journal is © The Royal Society of Chemistry 2012
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The swelling kinetics of the Gel-MA/Arg-UPEA hydrogel
was studied over a period of 3 days in deionized (DI) water at
room temperature. Figure 3 shows the hydrogels of varied
compositions (different types of Arg-UPEAs or feed weight
ratio of Gel-MA to Arg-UPEA) had a high swelling rate during
the initial 2 h. After the initial 2 h, the swelling rate leveled off,
and finally reached their swelling equilibrium within 14-18 h.
Compared with the pure Gel-MA hydrogel, the corresponding
Gel-MA/Arg-UPEA hydrogel did not show an obvious swelling
rate difference.

Compressive Modulus of Hydrogels

Figure 4 shows a comparison of the mechanical property of
the swollen Gel-MA/Arg-UPEA hydrogels in terms of a
Compared with Gel-MA
(control), a small amount of Arg-UPEA may slightly increase

compression elastic modulus.
the compression modulus. After chemically introducing more
Arg-UPEA into the Gel-MA hydrogel, the modulus decreases,
but within the same magnitude. In this platform, the types of

Arg-UPEA may not show significant difference.
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Figure 3, Swelling kinetics of the Gel-MA/Arg-UPEA hydrogel in
DI water at room temperature: a) effect of Arg-UPEA types; b)
effect of Arg-UPEA weight percentage.
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Figure 4, Compressive modulus of swollen hydrogels: a) Gel-
MA; b) Gel-MA/2-UArg-2-S (9/1, w/w);c) Gel-MA/2-UArg-2-
S/ (4/1, wiw); d) Gel-MA/2-UArg-2-S (3/2, w/w); e) Gel-
MA/2-UArg-4-S (9/1, wiw); f) Gel-MA/2-UArg-4-S (4/1,
w/w); g) Gel-MA/2-UArg-4-S (3/2, w/w); h) Gel-MA/2-UArg-
6-S (9/1, w/w); i) Gel-MA/2-UArg-6-S (4/1, w/w); j) Gel-
MA/2-UArg-6-S (3/2, w/w)
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Interior Morphology (SEM) of Arg-UPEA/ Hydrogels

The cross-sectional interior morphology of the freeze-dried
GEL-MA/Arg-UPEA hydrogel was examined by SEM to
understand the 3D structure of hybrid hydrogel. Even though
the interior structure/morphology of hydrogel after freeze-
drying would be different from the natural state of the swelling
hydrogel, it is still helpful for understanding the detail of the
hydrogel 3D interior micro-structure. As shown in Figure 5,
compared with Gel-MA hydrogels, the GEL-MA/Arg-UPEA
hydrogel has a similar average pore size (5-10 um) and cell
wall thickness, but with a slight higher number of nanofibers
entangled with the hydrogel cells. 10 wt% or 20 wt% of Arg-
UPEA may not bring many nanofibers, but 40 wt% of Arg-
These
fibrous nanostructures may be helpful to assist the formation of

UPEA does cause obvious fibrous nanostructures.

vascular structures or improve the sustained release of proteins.

Figure 5, SEM images of freeze dried Gel-MA and Gel-MA/2-
UArg-2-S hybrid hydrogel (A: Gel-MA; B: Gel-MA/2-UArg-2-
S(9/1, wiw); C: Gel-MA/2-UArg-2-S(4/1, w/w); D: Gel-MA/2-
UArg-2-S(3/2, w/w)). Scale bar is 20 um.
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Figure 6, Biodegradation of the Gel-MA/Arg-UPEA hydrogels
at 37 °C in PBS buffer or enzyme solution.
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Biodegradation of Hydrogels

Figure 6 shows the biodegradation results of Gel-MA/Arg-
UPEA hydrogels.
were soaked in buffers for 24 h to remove the residues. In PBS

Before biodegradation, all the hydrogels

buffer, without collagenase type II enzyme, all the hydrogels
showed a slow degradation within 5 weeks. The types of Arg-
UPEA did not show obvious changes. However, the addition of
2U mL™"' of collagenase enzyme helps to degrade the pure Gel-
MA hydrogel completely within two weeks. The 2U mL™"
collagenase concentration was around the concentration found
during wound healing*?. For the effects of Arg-UPEA types, the
results indicated that Gel-MA/Arg-UPEA (1:4, w/w) hydrogels
showed relative slower degradation than the Gel-MA. This
indicates that the introduction of Arg-UPEA would cause a
relatively slower degradation, possibly due to the charge
interaction with enzymes and the more complicated 3D
structure. The degradation curves for enzyme treated groups
ended before 100 wt% because the degraded hydrogel debris
were difficult to collect.

Cell Attachment and Proliferation on Hydrogel Surface and
inside Hydrogels

An excellent cellular interaction for the hydrogel is

normally considered as a prerequisite for its potential
application®’. Subsequently, one of the main goals of this report
is to investigate the possibility to enhance the cellular
interaction performance of the Gel-MA hydrogel, a type of
collagen-based hydrogel. Here the cellular interaction with Gel-
MA/Arg-UPEA hybrid hydrogels was studied in terms of the
cell attachment and proliferation on hydrogel surface and inside

hydrogels.
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Figure 7, Representative micrographs of Hela cells after 48 h
culture on the hydrogel surface, 10X. Cells cultured on the
hydrogel surface: a) Gel-MA; b) PEG-DA; c) Gel-MA/2-UArg-
2-S9/1, wiw); d) Gel-MA/2-UArg-2-S(4/1, w/w); e) Gel-
MA/2-UArg-2-S(3/2, wiw).

For the cellular interaction on surface, the Hela cells were
cultured with a high density on the surface of Arg-UPEA
hybrid hydrogels to investigate the cell attachment and
proliferation performance. High cell density is used to obtain
the cell density difference in terms of the attached cells. After

12 h, the medium was changed and the cells were slightly

This journal is © The Royal Society of Chemistry 2012
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washed to remove those that are unattached or weakly attached.
Figures 7 showed the example of the Hela cells cultured for 48
h on the surface of pure the Gel-MA hydrogel, the PEG-DA
hydrogel, and the Gel-MA/2-UArg-2-S hybrid hydrogel with
different weight ratios, respectively. Compared with the pure
PEG-DA hydrogel control (Figure 7b), the pure Gel-MA
hydrogel (Figure 7a) demonstrated a better cell morphology
(fully attached and expanded) and higher amounts of
attached/proliferated (high density) Hela cells after 48 h; which
was normal and reasonable for Gel-MA hydrogels. Furthermore,
after the introduction of Arg-UPEA, the result (Figures 7 c-e)
indicated that the Arg-UPEA did not change the morphology of
the attached cells, but significantly enhance the density of
attached cells. Figures 7c, 7d and 7e illustrated the example of
the Hela cells cultured for 48 h on the surface of the Gel-MA/2-
UArg-2-S hybrid hydrogel with different weigh ratios.
Therefore, the cell culture results indicated that the 2Arg-UPEA
could support and enhance the cell attachment and proliferation.

Furthermore, the normal cells, such fibroblasts, were encapsulated
into hydrogels to compare the cellular spreading and proliferation
inside the hydrogels. After 1 day, the live-dead assay results (Figure
8) indicated that the majority of the encapsulated cells are alive
(green) for Gel-MA and Gel-MA/2-UArg-2-S (4/1, w/w) groups.
The different size and intensity of the light dots confirmed that the
cells are in the different sites of the 3D hydrogel scaffolds.
Comparing with Gel-MA group, Gel-MA/2-UArg-2-S (4/1, w/w)
group exhibited comparable cell survival to the control Gel-MA but
improved cell spreading (spreading of cells encapsulated in Gel-
MA/2-UArg-2-S could be observed after 1 day culture). After 3 days,
the encapsulated cells all spread and proliferated (Figure 9). Both
groups showed high amount of living cells with complete attachment
and the Gel-MA/2-UArg-2-S (4/1, w/w) group shows obvious higher
degree of cell spreading (compare Figure 9 a and b), possibly due to
the positive charges of Gel-MA/2-UArg-2-S,
spreading. Moreover, cell proliferation was enhanced when 2-UArg-

enhancing cell

2-S was incorporated into the Gel-MA hydrogels (Figure 10) as
suggested by the picogreen DNA quantification assay.

All these results indicated that this study could lead to a great
potential as a new type of scaffolds for tissue engineering and

drug delivery applications.

Figure 8, Viability of NIH 3T3 fibroblasts after 1 day culture
inside the hydrogel, 10X. a)Gel-MA; b) Gel-MA/2-UArg-2-S
(4/1, w/w). Green: living cells; red: dead cells.

This journal is © The Royal Society of Chemistry 2012
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Figure 9, Representative fluorescent micrographs of NIH 3T3
fibroblasts after 3 day culture inside the hydrogel, 10X. a) Gel-
MA; b) Gel-MA/2-UArg-2-S(4/1, w/w). Phalloidin stains cell
filament green and DAPI stains cell nuclei blue.

m GelMA
m Gel-MA/Arg-UPEA

o]
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<

DNA concentration (nmol/L)

Time (days)
Figure 10, Proliferation of NIH 3T3 fibroblasts after 7 days

culture inside the hydrogels (Gel-MA and Gel-MA/2-UArg-2-
S@4/1, wiw).

In vitro inflamation Assay
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Figure 11, In vitro inflammation assay of hydrogels.

In Vitro Inflammatory Response of Hydrogels

In this report, to evaluate the in vitro inflammatory response
from mouse J774 macrophage activation after being cultured on
hydrogel surface for 48 h, an ELISA assay was utilized to
measure the TNF-o produced from the macrophage. The in
vitro inflammatory results (Figure 11) showed that both Gel-
MA and Gel-MA/Arg-UPEA hydrogels exhibited a low level
inflammatory response. The increasing amount of Arg-UPEA
component percentage did not show an obvious change in terms
of TNF-a production. Therefore, the introduction of Arg-UPEA

J. Name., 2012, 00, 1-3 | 7
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into Gel-MA hydrogel did not increase the inflammation
response of Gel-MA. Other hydrogels were not used here for
comparison due to the low macrophage attachment on their
surfaces.

100

o

—=— Gel-MA
—e— Gel-MA/2-UArg-2-S(9/1, w/w)
—a— Gel-MA/2-UArg-2-S(4/1, wiw)
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Figure 12, Controlled release of BMP-2 from hydrogels.

Controlled release of BMP-2 via Gel-MA/Arg-UPEA Hybrid
Hydrogels

The sustained release of protein drugs is still a challenge for
most of the hydrogel system. With the introduction of a strong
cationic moiety, the new platform is expected to be able to
release the proteins in a more controllable manner. With a
loaded BMP of 5ug per hydrogel pellet, Figure 12 demonstrates
the protein release profiles from hydrogels in PBS buffer at 37
°C. The BMP content was then analyzed by an ELISA assay.
Subsequently, the release data from pure Gel-MA hydrogel
showed that the free BMP-2 release was completed around 2-3
days. For the Gel-MA/2-UArg-2-S hydrogel, the protein release
was completed around 5-10 days due to the strong electrostatic
interaction between Arg-UPEA and BMP-2. An increase of
percentage of the Arg-UPEA component would cause slower
protein release. The bioactivity comparison (Figure S10)
indicated there is no obvious bioactivity change for BMP-2
after being released from the Gel-MA/2-UArg-2-S hydrogel.

Conclusions

A new biocompatible and biodegradable Gel-MA/Arg-
UPEA hybrid hydrogel platform was successfully developed
via UV photo-crosslinking as a promising tissue engineering
scaffold and drug delivery carrier. The physicochemical,
swelling, mechanical, and morphological properties were
systematically investigated. Conclusively, cellular tests
indicated that Gel-MA/Arg-UPEA hydrogels have excellent
cell attachment and proliferation on its hydrogel surface and
inside the hydrogel, better than the Gel-MA itself. A drug
release study of BMP-2 also showed that the controlled and
sustained release of protein drugs could be achieved for a few

days, depending on the hydrogel composition. The excellent

8 | J. Name., 2012, 00, 1-3

biocompatibility and interesting controllable drug release
profiles of these hybrid hydrogels reveals that the hybrid
cationic hydrogel system developed in this study would have
the great potential as tissue engineering scaffolds and drug
carriers.
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