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Gelatin is an important hydrocolloid which has widespread applications in the pharmaceutical industry and
biomedical science. However, despite its significance, clinical applications of gelatin are largely limited
because of its gel-to-solution transition around human body temperature. In this work, we developed
a series of F127-gelatin composite hydrogels with reverse thermo-responsive properties. The stiffness of
F127-gelatin hydrogels can be adjusted by varying the types and contents of gelatin (type A, GA and type
B, GB). The results of rheological data showed that F127-GA gels have higher gel strengths than those of
F127-GB, which might be due to different isoelectric points between GA and GB. In addition, F127-
gelatin gels showed significant cell viability and biocompatibility for human mesenchymal stem cells,
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Introduction

Stimuli-responsive hydrogels have great potential for a wide
range of applications such as bioactive sensors, enzyme assays,
materials for tissue engineering and carriers for drug delivery.'®
The most common method for preparing such hydrogels is
through physical crosslinking between (macro)molecules.
Physical crosslinking is the collection of noncovalent interac-
tions between (macro)molecules such as m-7 stacking,
hydrogen bonding, dipole-dipole interactions, hydrophobic
interactions and other van der Waals forces, which are generally
responsible for the molecular self-assembly and hydro-
gelation.*® Physical crosslinked hydrogelation has been exten-
sively studied, induced through various stimuli, including
temperature,' pH change,"** light,** electrical,"* enzymes,*>**
ultrasound,™"” and solvent polarity.”® Among all the physical
stimuli, temperature has attracted a great deal of attention due
to its ability to change features such as hydrophobic-
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for applications in tissue engineering and regenerative medicine.

hydrophilic balance, conformation and solubility, which is
potentially useful for a variety of applications.*

Gelatin is one of the temperature responsive polymers, which
is the denatured product of collagen. Generally, gelatin is divided
into two types based on the fabrication process: type A gelatin
(GA) is obtained from an acid process while type B gelatin (GB) is
produced from an alkaline process. Different processes lead to
differences in the isoelectric point (pI) and the pH of gelatin.*® It
possesses excellent biocompatibility, biodegradability, non-
immunogenicity, and has capacity to assist cell attachment and
proliferation.”** However, the gelatin hydrogels are in the solu-
tion state around human body temperature and form physical
thermo-reversible gels on cooling.”* The gelatin hydrogels thus
have poor mechanical strength, weak elasticity and low shape
stability,” which significantly limit their biomedical applications
at physiological temperatures. Various strategies have been
employed to overcome this problem, for example adding chem-
ical crosslinker to gelatin, such as glutaraldehyde,* carbodii-
mide” and epoxy*® compounds; chemical modification of gelatin
to photo-crosslinkable materials, such as gelatin meth-
acrylamide.”® Nevertheless, gelatin hydrogels prepared using
these chemical methods are cytotoxic and induce chronic
inflammation. Therefore, the non-toxic physical crosslinking
method has been chosen in this study. Herein, the amphiphilic
copolymer, Pluronic F127 (F127) was used, since F127 possess the
ability to form a physically crosslinked gel under the appropriate
conditions.**** Moreover, it is known that mechanical properties
of gel scaffolds can affect the behavior of cells.** In this work,
gelatin was incorporated into F127 to alter the gelation and
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Scheme 1 Fabrication of F127-gelatin composite hydrogels and their
potential bioapplications (PEO: ethylene oxide; PPO propylene oxide).

stiffness properties of the composite hydrogels by adjusting the
hydrophobic-hydrophilic balance in the system (Scheme 1). A
series of F127-gelatin composite hydrogels were developed by
using different types and contents of gelatin (GA and GB). The
aims of this study are threefold: first, to fabricate gelatin-
containing hydrogels which are stable under physiological
temperature; second, to construct the composite hydrogels with
tunable mechanical strengths; third, to evaluate the biocompat-
ibility of the composite hydrogels with human mesenchymal
stem cells (hMSCs). We successfully obtained the thermo-
responsive and stiffness-tunable composite hydrogels, making
them potential candidates as injectable biomaterials for tissue
engineering and drug delivery applications. Furthermore, the
thermo-reversible characteristic of the gels can be easily dissolved
for cell recovery by cooling the composite hydrogels below their
gelation temperature, which is attractive for fundamental study of
cell-material interactions in three-dimensional (3D) cultures.

Results and discussion

The thermo-responsive composite hydrogels of F127-GA were
prepared with various ratios of GA and F127 (16 wt%). Hydrogel
samples with GA content of 1, 2, 3, 4 and 5 wt% were labelled as
A1-A5 respectively. Initially, we just obtained two phase sepa-
rated gels and these results may be due to the different hydro-
phile-lipophile balance between F127 and GA.***** To overcome
this problem, we introduce a nontoxic and biocompatible
surfactant, i.e. sodium carboxymethyl cellulose,*?° into the
system of the F127-GA and furnished the homogeneous gels
(Fig. S1t). Similarly, samples with gelatin GB were prepared
labeled as B1-B5. The thermo-responsive behaviors of A1-A5
and B1-B5 hydrogels were studied by the inverted tube method
and all samples showed temperature dependent sol-gel-sol-
transitions (Fig. 1). As depicted in Fig. 1, the A1-A5 and B1-
B5 were in solution phases when the temperatures lower than
their phase transition temperatures but formed transparent
hydrogels with the temperatures higher than the sol-gel
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Fig.1 Phase diagrams of the composite hydrogels of A1-A5 and B1-
B5 in aqueous solution. Red: A1-A5; green: B1-B5.

transition temperatures (Tsol-ge1)- The Tyo1ger Values are around
29 °C for A1-A3 and 30-34 °C for B1-B3, respectively, indicating
that these samples are in solution phase at room temperature
(Table S17). The gel-sol transition temperatures (Tgel—so1) Of Al-
A5 and B1-B5 are all higher than 48 °C, demonstrating all the
materials are stable gels at body relevance temperature (Table
S1 and Fig. S2t). In addition, it is interesting to note that the
increasing the amount of gelatin would result in an increase in
Tgel-soi (from 48 to 77 °C), which might be due to the
enhancement of hydrogen bonding interactions between F127
and gelatin.

It has been intensively investigated that the substrate stiff-
ness could affect the response of the soft tissue cells and it may
play an important role in directing cell behavior.** For example,
the substrate stiffness of neurons and epithelial cells are 0.1-1
kPa. Myoblasts require intermediate compliance substrates
(around 4 kPa) to maintain function and chondrocytes display
increased growth and proliferation markers on hard gels with
stiffness of 10 kPa. Dynamic rheology was performed at 37 °C to
investigate the mechanical properties of hydrogels A1-A5 and
B1-B5. As depicted in Fig. 2, the frequency sweep data of A1-A5
and B1-B5 reveal typical solid-like rheological behavior with
storage modulus (G’) dominating the loss modulus (G”) over the
investigated oscillating frequency (0.1-100 rad-s™'). The G’
value of single-component F127 gel (16 wt%) is 5.8 kPa at 37 °C
(Fig. S371). For mixed gels, the G’ values show strong dependence
on the types and contents of gelatin materials. Those values are
in the range of 3.24-6.68 kPa for A1-A5 and 0.95-3.69 kPa for
B1-B5, respectively, see Fig. 2 and Table S1.f Notably, the
higher G’ value of single-component F127 is expected compared
to those of A1, A2 and B1-B5 because gelatin is in the solution
state at 37 °C. In addition, the storage moduli of A1-A5
distinctly higher than those of the corresponding B1-B5, which
might be ascribed to the different pI between GA and GB (GA
has a pI between 7.0 and 9.0 while GB has a pI between 4.8 and
5.5).2° Furthermore, F127-gelatin hydrogels show enhanced
storage moduli with increasing GA contents of the composite
hydrogels. The G’ value of A2 and A3 are 1.5 and 2.0 times larger
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Fig.2 Frequency sweeps of the composite hydrogels of (a) AL-A5 and
(b) B1-B5 at 37 °C. Black: G'; red: G".

than that of A1, respectively (Fig. 2a). Similarly, in the case of
F127-GB hydrogels, the G’ of B2 and B3 are nearly 2.0 and 4.0
times larger than that of Bl (Fig. 2b). Notably, when the
contents of gelatin (GA and GB) were higher than 3 wt%, the
magnitudes of the storage moduli were found to remain nearly
constant. All these results suggest that gelatin-containing
hydrogels have tunable mechanical strengths and stability
gels at physiological temperature. Furthermore, the gelation
kinetic rates of the composite hydrogels were very fast (within
30 s) when the temperature was raised to 37 °C, as shown in
Fig. S4,1 which is highly desirable for injectable in situ forming
hydrogel materials.

The hMSCs are multipotent stromal cells that can differen-
tiate into a variety of cell types, such as adipocytes, chon-
drocytes, osteoblasts and so on.*” Next, the biocompatibility of
hydrogels of A1-A3 and B1-B3 on hMSCs were evaluated by
WST-1 assay (2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disul-
fophenyl)-2H-tetrazolium sodium salt).*® Human MSCs were
cultured for 2 days with the extraction medium of hydrogels of
A1-A3 as well as B1-B3 and subjected for the cell viability
experiments. As displayed in Fig. 3, the cell viability assay by
WST-1 shows that the experimental hydrogels (A1-A3 and B1-
B3) are biocompatible. Notably, the cell viability of A3 was
increased significantly compared to that of A1 after 2 days (i.e.
90% for A1 and 110% for A3) and no significant differences in
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Fig. 3 The cell viability assay by WST-1 on hMSCs in (a) A1-A3 and (b)
B1-B3 for 2 days.

cell viability were found in F127-GB. Moreover, the survival data
of the hMSCs soaked in A1-A3 and B1-B3 were evaluated with
Live/Dead assay, which label of live cells with calcein AM (green)
and of dead cells with EthD-1 (red). The 2 days Live/Dead results
(Fig. S57), are consistent with the WST-1 assay, shows that A3
has better biocompatibility and cell viability in comparison with
A1, A2 and B1-B3. These results illustrated that higher
concentrations of GA may enhance cell viability and prolifera-
tion in hMSCs whereas GB did not have any enhancement effect
on concentrations up to 3 wt%. The thermal, mechanical and
cell viability properties of A1-A3 and B1-B3 suggested that they
are potential biomaterials and could be suitable for tissue
engineering applications.

Further, we attempt to understand microstructure-property
relationships of these composite hydrogels at 25 and 37 °C
respectively. The scanning electron microscopy (SEM) was used
to determine the microstructure of the composite hydrogels.
The SEM images revealed the bulk deposition for A1 at 25 °C
and the hierarchical architectures of the layered nanocomposite
was obtained at 37 °C, indicating that the self-assembly of A1
occurred at body temperature (Fig. 4a and d). At higher
concentration of GA, i.e. A2 and A3, the composite hydrogels
self-assembled into fiber-like structures which may due to
strong non-covalent interactions of entrapped water in the
hydrogel at 37 °C (Fig. 4e and f). It is worthy to note that the

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 SEM micrographs of vertical cross-sections of the composite
hydrogels of A1-A3. (a—c) at 25 °C; (d—f) at 37 °C (scale bar: a—c: 1 um;
d—f: 100 nm).

width of the nanofibers are around 75-300 nm which is falling
within the range of natural extracellular matrix.** The SEM
images of B1-B3 were similar to those of A1-A3 (see Fig. S6T for
detailed) and these results are consistent with the phase tran-
sition diagram data shown in Fig. 1. The X-ray diffraction (XRD)
measurement was used to investigate the supramolecular
structures formed by A1-A5 and B1-B5 in water. The XRD
patterns of the dried samples of A1-A5 and B1-B5 were
collected in Fig. S7.1 The diffraction peaks were observed at d-
spacing values of 6.41 and 3.36 A, which is corresponding to
aromatic-aromatic stacking interactions and hydrogen-
bonding interactions for peptides.***!

Temperature-dependent UV-vis absorption and circular
dichroic (CD) spectra were used to further investigate the self-
assembly of the composite materials from solution to gel state.
As shown in Fig. 5a, the UV-vis spectra of Al in water exhibited
the absorption bands which are consistent with the tyrosine and
phenylalanine side chains in gelatin.*> The absorption intensi-
ties increased with the temperature from 10 to 60 °C, indicating
significant intermolecular aromatic-aromatic interactions. In
Fig. 5b, the temperature-dependent CD spectra were used to
characterize the self-assembly of gelatin in Al. It revealed
a negative band at 240 nm when the temperatures are higher
than 35 °C, suggesting the typical self-assembly of peptides in
the mixture of A1.** The temperature-dependent UV-vis and CD
spectra of B1 were shown in Fig. S8, and it showed similar
results compared with A1. Fig. 5¢ showed thermo-reversible
properties of the hydrogel A1 during heating and cooling treat-
ment. Upon heating the solution to body temperature the semi-
transparent solution disappeared completely and a transparent
hydrogel was formed. Further cooling the hydrogel to room
temperature, the semi-transparent solution reappeared because
of the disassembly of the physical crosslinked nanostructures
(see Fig. S9t for other reversible hydrogels). We further studied
the effect of temperature on rheological properties of the
hydrogel A1. The A1 solution was heated to 37 °C and cooled to
25 °C in cycles, and the obvious changes in G’ and G” were
observed over time (Fig. 5d). The G’ of A1 hydrogels are greater
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Fig. 5 Temperature-dependent (a) UV-vis absorption and (b) CD
spectra of Al. (c) Vial inversion tests provide visual evidence that the A1
solution formed a hydrogel when the temperature was higher than the
sol—gel transition temperature and formed a solution when the
temperature back to the room temperature. (d) Rheology test of Al
solution with thermal cycles of heating (37 °C) and cooling (25 °C).

than the corresponding G” when increasing temperature from
25 to 37 °C, pointing to sol-gel transition occurred at this stage.
The reversible nature of newly discovered Al was confirmed by
carrying out the temperature-step experiment over three cycles.
These results suggesting that the in situ formed composite
hydrogels may support cell survival and the recovery of the 3D
cultured cells can be simply accomplished by cooling the culture
system to room temperature.

Conclusions

In conclusion, we have prepared a series of F127-gelatin (F127-
GA and F127-GB) composite hydrogels and examined their
gelation behavior, physical and biological properties. SEM
images, temperature-dependent UV-vis absorption and CD
spectra showed that F127-gelatin can self-assemble at physio-
logical temperatures to form fibrous hydrogels. In addition,
F127-gelatin hydrogels exhibit tunable stiffness especially F127-
GA gels show higher gel strengths compared with those of F127-
GB, which might be ascribed to the different isoelectric points
between GA and GB. Furthermore, the cell viability of hMSCs
were tested and demonstrated that F127-gelatin have good
biocompatibility. Vial inversion tests and rheological results
(cycled between 25 °C and 37 °C) demonstrated that F127-gelatin
composite hydrogels are thermo-reversible. This study and
further developments of F127-gelatin hydrogels may open up
a new avenue in tissue engineering and regenerative medicine.

Experimental section
Materials

Pluronic F127 (F127), gelatins from porcine skin (type A, GA)
and bovine skin (type B, GB) were purchased from Sigma.

RSC Adv., 2017, 7, 21252-21257 | 21255
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Sodium carboxymethyl cellulose (SCMC) was supplied by
Aldrich. All aqueous solutions were prepared with double-
distilled deionized water (dd H,O) in whole experiment process.

Preparation of composite hydrogels

F127 water solution (16 wt%) was prepared by adding a weighed
amount of polymer to ice-cold dd H,O under constant stirring.**
The dispersion was then placed in a refrigerator overnight to
obtain a clear solution. 1 wt% GA water solution was prepared
by adding 0.01 wt% SCMC and heating the mixture up at 60 °C
under constant magnetic stirring until a pale yellow clear
solution was obtained. The thermo-reversible composite
hydrogel of A1 was prepared by blending F127 with GA solution
and the mixture was heated and continuous stirred until
a homogeneous solution was achieved. The corresponding
hydrogel was obtained by cooling down the solution to body
temperature. The thermo-reversible composite hydrogels of A2,
A3, A4 and A5 were prepared via a similar route, except that GA
contents of 2, 3, 4 and 5 wt%, respectively. For comparison, the
hydrogels of B1-B5 were also prepared by blending F127 with
GB solution.

Inverted tube method

Gelation tests were performed by weighing a compound (2.0
mg) in a screw-capped 2 mL vial (diameter: 10 mm), adding
a solvent (0.20 mL), sealing the vial tightly, heating it until the
compound had dissolved, and then cooling the vial to room
temperature. Gelation was considered to have occurred when
a solid-like material was obtained that did not exhibit gravita-
tional flow (inverted test tube method) during a period of
5 min.*

Rheological tests

Rheological tests were conducted using a TA rheometer (DHR-1)
and a 40 mm parallel plate. The hydrogel sample (400 pL) was
placed on the parallel plate for the angular frequency sweep test
(test range: 0.1-100 rad s~ ; strain, 0.8%; 15 points per decade;
sweep mode, “log”; temperature, 25 °C).

Scanning electron microscopy

Samples were visualized with a JEOL JSM-6700F scanning
electron microscope at an accelerating voltage of 15 kV and
a working distance of 6.3 mm. Hydrogels were applied directly
onto silicon wafers and the samples were allowed to air dry.

Biocompatibility of A1-A3 and B1-B3 hydrogels

The biocompatibility of A1-A3 and B1-B3 hydrogels was eval-
uated by culturing the human mesenchymal stem cells (hMSCs)
with the extraction medium. The extraction medium was
prepared by immersing the composite hydrogels of A1-A3 and
B1-B3 in Dulbecco's Modified Eagle Medium (DMEM, Gibco) at
avolume ratio 1 : 10 (hydrogel volume to medium volume) for 2
days at 37 °C. The hMSCs seeded in 96-well plates were cultured
with DMEM for 1 day at 37 °C under 5% CO,. Followed by, the
DMEM was replaced with extraction medium and the cells were
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allowed to grow for 2 days. The hMSCs cultured with extraction
medium (hydrogels of A1-A3 and B1-B3) and DMEM were
subjected to cell viability assay using the Cell Proliferation
Reagent WST-1 (Roche) and the optical density of the resulting
solution was measured at 450 nm, using Synergy H1 Hybrid
Reader (BioTek). Cells that had not been subjected to treatment
with the test hydrogels were used as the control.
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