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ABSTRACT: Shape-memory polymers (SMPs) can be defined as
a reversibly changing form through deformation and recovery by
external stimuli. However, there remain application limitations of
SMPs, such as complicated preparation processes and slow shape
recovery. Here, we designed gelatin-based shape-memory scaffolds
by a facile dipping method in tannic acid solution. The shape-
memory effect of scaffolds was attributed to the hydrogen bond
between gelatin and tannic acid, which acts as the net point.
Moreover, gelatin (Gel)/oxidized gellan gum (OGG)/calcium
chloride (Ca) was intended to induce faster and more stable shape-
memory behavior through the introduction of a Schiff base reaction.
The chemical, morphological, physicochemical, and mechanical
properties of the fabricated scaffolds were evaluated, and those
results showed that the Gel/OGG/Ca had improved mechanical
properties and structural stability compared with other scaffold groups. Additionally, Gel/OGG/Ca exhibited excellent shape-
recovery behavior of 95.8% at 37 °C. As a consequence, the proposed scaffolds can be fixed to the temporary shape at 25 °C in just 1
s and recovered to the original shape at 37 °C within 30 s, implying a great potential for minimally invasive implantation.

■ INTRODUCTION
Shape-memory polymers (SMPs) can be defined as a reversibly
changing form through deformation and recovery by external
stimuli such as temperature, pH, electric fields, light, and
chemicals.1,2 By applying proper stimulation to the materials,
SMPs have a permanent shape and a temporary shape. Because
they have this differentiation from other polymers, they are
spotlighted as an effective polymer in biomedical fields such as
minimally invasive surgery3,4 and sutures.5

Among the various stimuli for transformation, there are
many previous studies about thermally induced SMPs being
used for scaffold production in tissue engineering.6−9 Materials
such as polytetrafluoroethylene (PFTE), polylactide (PLA),
and polyvinyl acetate ethylene (EVA) have been suggested as
thermally induced SMPs.10−12 These materials have a specific
temperature called a transition temperature (Ttrans), which
changes from a permanent shape to a temporary shape.
However, since most Ttrans of these materials exceed the
physiologically active temperature, it causes problems in
applications to the human body.6,13,14 In addition, not only
is the process complicated, but there remains a challenge that
takes a long time to change the shape.3,15

Herein, we propose temperature response SMPs prepared
from gelatin with an easier process and faster shape recovery
than previous studies. Gelatin is an appropriate material
because it has the ability to form good film formation and
biocompatibility.16,17 In addition, more importantly, it has a
reversible triple helix structure through the temperature change
and forms a cross-linked molecular chain structure at low
temperatures.18−20 Although it has properties suitable for
SMPs, gelatin has limitations because of its weak mechanical
properties and rapid degradation.21 Since the scaffold must
have appropriate mechanical properties in terms of tissue
engineering,22 tannic acid and oxidized gellan gum (OGG)
were used to increase the mechanical strength through various
chemical bonds.23,24 Tannic acid can have a strong interaction
with gelatin through hydrogen bonding,25 and oxidized gellan
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gum can have physical cross-linking by blending with a small
amount of calcium chloride (CaCl2).

To demonstrate these novel SMPs, the morphological,
physicochemical, and mechanical properties were evaluated by
Fourier transform infrared spectroscopy (FT-IR), field
emission scanning electron microscopy (FE-SEM), mass
swelling, sol fraction, weight loss, porosity, and tensile test.
Also, an in vitro study with a cytotoxicity test was performed.

■ EXPERIMENTAL SECTION
Preparation of Oxidized Gellan Gum. The oxidized

gellan gum was fabricated according to a method reported in a
previous study.26 First, 1% (w/v) gellan gum (GG) (Gelzan,
Sigma-Aldrich, USA) was added into distilled water (DW) and
stirred at 90 °C until completely dissolved. Then after the
solution was cooled to 40 °C, 0.25 M sodium periodate
(NaIO4), an oxidizing agent, was added in a dropwise manner
for 90 min. Ethylene glycol (Sigma-Aldrich, USA) was added
to the solution and stirred for 30 min to stop the oxidation
reaction. The mixture was dialyzed with 14,000 (14k)
molecular weight cutoff membranes for 3 days in DW to
remove the excess NaIO4 and ethylene glycol. After that, the
product was freeze-dried for 7 days and stored in a desiccator.
Preparation of Gel, Gel/Ca, and Gel/OGG/Ca Scaf-

folds. The scaffolds were prepared by slightly modifying the
previous study.27 The scaffolds were prepared by dipping the
scaffolds made of three different mixtures in TA (Sigma-
Aldrich, USA) solution (Figure 1). All groups were fabricated
by blending gelatin solution with other materials. 1% (w/v)
OGG was stirred in DW at 90 °C until it was homogeneously
dissolved. The OGG solution was cooled to 60 °C, and 10%
(w/v) gelatin (gel, type A from porcine skin, Sigma-Aldrich,
USA) was added and stirred for 1 h to fully dissolve. Then
CaCl2 (Ca, SHOWA, Japan) was added to make a composite
solution of 10% Gel, 1% OGG, and 0.5% (w/v) Ca (Gel/
OGG/Ca). Then gelatin was stirred in DW at 60 °C to make a
10% (w/v) gelatin solution. CaCl2 was added to a prepared
gelatin solution to obtain a composite solution of 10% Gel and
0.5% (w/v) Ca (Gel/Ca). Each composite solution was rapidly
poured into laboratory-made silicon molds that were preheated
at 60 °C to obtain a uniformly dispersed solution. The
prepared specimens were stored at 4 °C for 30 min to solidify.
The solidified samples were immersed in TA solution in two
steps. First, the molds with samples were immersed in 1% (w/
v) TA solution at 4 °C for 1 h (the first soaking). In the second
step, the molds were removed and the samples were immersed
in 1% (w/v) TA solution at 4 °C for 24 h (the second

soaking). Finally, the scaffolds were immersed in DW at 40 °C
for 1 min.
Chemical Structure Analysis. The chemical structures of

the samples were analyzed by FT-IR (PerkinElmer, USA)
spectroscopy in the wavelength range of 400−4000 cm−1. All
of the samples were freeze-dried for measurement.
Morphological Observation. The surface morphology of

the samples was obtained by FE-SEM (Carl Zeiss, Germany).
The samples were lyophilized and coated with platinum for
observation.
Mass Swelling. The prepared samples were placed in a 24-

well plate and then stored in a 37 °C incubator for 24 h after
phosphate-buffered saline (PBS, Gibco, USA) was added. After
removing PBS, the weight was measured (Ww) and the mixture
subsequently lyophilized for 48 h. The weight of these
lyophilized samples was measured (Wl). The swelling ratio
was calculated using eq 1:

= W
W

mass swelling w

l (1)

Sol Fraction. The sol fraction was evaluated by measuring
the initial weight of the lyophilized samples (mi). Then the
measured samples were immersed in DW and agitated on a
shaker for 1 h at 60 rpm. The hydrated samples were freeze-
dried again and weighed (mf). The sol fraction was calculated
using eq 2:

= ×m m
m

sol fraction (%) 100 (%)i f

f (2)

Weight Loss. The initial weight of the freeze-dried samples
was measured (Wi) and placed in PBS at 37 °C. PBS was
removed, and the samples were rinsed with DW three times
and freeze-dried. The weight of the freeze-dried samples was
measured (Wf). The weight loss was calculated using eq 3:

= ×W W
W

weight loss (%) 100 (%)i f

i (3)

Porosity. The porosity of the samples was evaluated by the
principle of Archimedes via the fluid displacement measure-
ment technique. Before the analysis, the length and height of
the test sample were measured. Then samples were immersed
in PBS and stored in a 37 °C incubator for 24 h. The hydrated
samples were removed, and the remaining volume of PBS was
measured as V3. The first amount of PBS is referred to as V1,
and the value of adding the volume of samples to V1 is referred
to as V2. Porosity was calculated using eq 4:

Figure 1. Schematic illustration of the preparation of gelatin-based scaffolds.
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= ×
V V
V V

porosity (%) 100 (%)1 3

2 3 (4)

Mechanical Measurements. The tensile tests were
evaluated using a universal testing machine (UTM, Galdabini,
Italy). All of the samples were prepared at a length of 40 mm, a
width of 11 mm, and a thickness of 0.5 mm and tested
immediately after fabrication to prevent moisture evaporation.
Tensile tests were performed at a speed of 20 mm/min until
the specimen was fractured.
Shape-Memory Behavior. To observe the temperature-

responsive shape-memory behavior, all of the samples were cut
into a length of 30 mm and a width of 10 mm and treated in 40
°C DW for 1 min. The sample was dipped in 37 °C DW for 1
s. Then the sample was taken out, and the shape was softly
altered by wrapping on a glass rod. Next, the transformed
sample was dipped in 25 °C DW for 1 s to fix the shape. The
shape-recovery process from the transformed shape to the
original shape was triggered by immersing samples into the 37
°C DW. The samples were moved to the next temperature
when the shape no longer changed at a given temperature. The
shape fixity (Rf) and shape-recovery ratio (Rr) were calculated
using eqs 5 and 6:

= ×R 100 (%)f
t

g (5)

= ×R 100 (%)
g

r
g f

(6)

where Θg is the given angle after transform; Θt is the
temporarily fixed angle; and Θf is the final angle after recovery
at 37 °C.
Cytotoxicity Assays In Vitro. The cytotoxicity of the

samples was studied by an extraction test reported in a
previous study with a slight modification. NIH/3T3 mouse
embryo fibroblast (National Institutes of Health, KCLB21658)
which was obtained from the Korean Cell Line Bank (KCLB,
Seoul, Korea) was used for this experiment.

The samples were prepared using a biopsy punch, and a total
volume of 2.6 mL was obtained. The autoclaved latex was cut
into pieces (2.5 cm2/mL) for the positive control. The
prepared samples and latexes were incubated in 10 mL of
RPMI (Gibco, USA) supplemented with 10% fetal bovine
serum (FBS, Gibco, USA) and 1% penicillin/streptomycin
(PS; Gibco, USA) and stored in a 37 °C water bath for 24 h.
The extraction solution was filtered through a 0.45 μm pore
size filter. The cells were seeded on 96-well plates (n = 6.2 ×
103 cells/well) in the RPMI cell culture medium and stored in
a humidified cell culture incubator (37 °C, 5% CO2) for 24 h.
Then the cell culture medium was replaced with the extracted
solution. At specific time points, MTT (3-[4-dimethylathiza-
zol-2-yl]-2,5-diphenyltetrazolium bromide; thiazolyl blue,
Amresco, USA) solution was treated and stored under
standard culture conditions (at 5% CO2 and 37 °C) for 3 h.
The supernatant was removed, and dimethyl sulfoxide
(DMSO; Samchun chemical, South Korea) was added to
dissolve the formazan crystal. The absorbance of 570 nm was
measured with a microplate reader (Synergy MX, Biotek,
Vernusky, VT, USA). All of the groups were normalized with
negative control (RPMI medium) and positive control (cell
culture medium). Cell viability was calculated using eq 7:

= ×cell viability (%)
OD

OD
100 (%)sample

control (7)

where ODsample is the positive control and ODcontrol is the
negative control.

■ RESULTS AND DISCUSSION
Structure Confirmation of the Gelatin-Based SMP

Scaffolds. The gelatin-based SMP scaffolds were prepared by
physically incorporating TA molecules inside the polymer
network (Figure 2). Gelatin plays a role in reversibly changing
between permanent and temporal shapes in the polymer
network. The hydrogen bonding between the carbonyl groups
(−C�O) and amide groups (−NH) of gelatin and hydroxyl
groups (−OH) of TA serves as reversible net points. As shown
in Figure 2A, transparent gelatin-based hydrogels turn into

Figure 2. Schematic illustration of Gel/OGG/Ca scaffold synthesis.
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light-yellow hydrogels after immersion in the TA solution. It
was attempted to increase the number of hydrogen bonds
between gelatin and TA by adding TA twice in a row. Then the
opaque and shrunken hydrogel is formed by soaking in the TA
solution, which suggests that triple helix structures of gelatin
are destroyed and more hydrogen bonds are formed.

In Gel/OGG/Ca, the double network structure was formed
by the physical cross-linking of Ca2+ and the chemical cross-
linking of OGG. The chemical cross-links were derived from a
Schiff base reaction between the amino (−NH2) groups of
gelatin and aldehyde (−CHO) groups of OGG (Figure 2B).
Similarly, several studies have been reported on shape-memory
hydrogels through Schiff base reactions.5,28 Therefore, the
combination of gelatin and OGG is expected to provide more
stable shape-memory properties.
Chemical Structure Analysis. The chemical composition

of tannic acid, gelatin, and oxidized gellan gum and their
interactions were analyzed by attenuated total reflectance FT-
IR (Figure 3). The spectrum of all materials indicates

broadband at 3200−3400 cm−1 related to −OH and −NH
stretching and a peak at 2800−3000 cm−1 associated with
−CH stretching. The gelatin and all composites appear
overlapping with −NH2 at 3200−3400 cm−1. The −C�O
stretching corresponding to the carbonyl group was observed
at 1607 cm−1 in tannic acid, 1637 cm−1 in gelatin, and 1609
cm−1 in oxidized gellan gum. The spectra of Gel, Gel/Ca, and
Gel/OGG/Ca are similar to that of tannic acid, which suggests
that tannic acid has been well bonded to the scaffolds. The
peak at 1637 cm−1 for the amide I band of gelatin shifts to
1708 cm−1 in Gel and Gel/Ca and 1713 cm−1 in Gel/OGG/
Ca after sample formation, which indicates the occurrence of
electrostatic complexation between the gelatin and tannic
acid.29,30 The characteristic peaks were observed correspond-
ing to (out-of-plane) aromatic C−H bending vibrations of
tannic acid at 1000−1300 cm−1 in the spectrum of
scaffolds.31,32 The Gel/OGG/Ca showed a peak intensity
lower than that of Gel/Ca, which is attributed to a covalent
interaction between the amide I group of gelatin and aldehyde
groups of oxidized gellan gum.

Morphological Observation. FE-SEM was measured to
observe the surface texture and morphology of the scaffold.
The surface properties of the scaffolds affect not only water
and nutrient penetration but also cell adhesion, spreading, and
proliferation. The gel shows a smooth surface, whereas
relatively rougher surfaces are observed in Gel/Ca and Gel/
OGG/Ca after surface functionalization (Figure 4). Because

surface roughness can promote the initial cell adhesion,33 these
results suggest that surface functionalization of gelatin with
CaCl2 and OGG can improve surface properties.
Physicochemical Analysis. Physicochemical analysis was

conducted to test mass swelling, sol fraction, weight loss, and
porosity (Figure 5). Overall, four analyses showed a similar
tendency. The mass swelling was measured to demonstrate the
water absorption of the sample. The swelling capacity plays a
critical role in preserving culture media in vitro and the body
fluid and nutrients in vivo. The swelling capacity of Gel and
Gel/Ca displayed 4.0 ± 0.02 and 4.1 ± 0.1, which means that
the ionic bond between gelatin and calcium chloride does not
affect the entire matrix (Figure 5A). On the other hand, the
Gel/OGG/Ca showed 3.1 ± 0.1, which was a noticeable
decrease compared with the two groups in front. This is
regarded as a result of the reduced swelling property by cross-
linking between Gel and OGG.

The sol fraction shows an uncross-linked polymer fraction.
The sol fraction of the scaffolds appears to be 5.2 ± 0.7, 4.4 ±
0.6, and 2.1 ± 0.7% in Gel, Gel/Ca, and Gel/OGG/Ca,
respectively (Figure 5B). These results are related to the
interaction of the matrix. The lower sol fraction of the Gel/Ca
and Gel/OGG/Ca was considered due to the cross-linking
density increased by adding CaCl2 and OGG. In other words,
the lowest rate of OGG indicates the most binding.

The scaffolds for TE should be gradually degraded for tissue
regeneration and completely removed after a certain period of
time. To prove this, weight loss was observed for 28 days
(Figure 5C). Generally, the rate of degradation is related to the
cross-linking density and the molecular weight of polymers. As
time passed, weight loss occurred gradually in all groups. The
Gel/OGG/Ca group showed the slowest degradation rate. At
the end of the experiment, the weight loss was observed to be
39.9 ± 2.3, 32.7 ± 3.5, and 29.3 ± 0.2% in Gel, Gel/Ca, and
Gel/OGG/Ca, respectively. Compared with only physically
cross-linked scaffolds, Gel/OGG/Ca containing physical and
chemical cross-linking mechanisms delayed the degradation
rate.

The porosity of the scaffolds affects cell adhesion,
penetration, proliferation, and nutrient exchange. The porosity
of the scaffolds was 82.5 ± 1.6, 74.0 ± 2, and 63.1 ± 1.3% in
Gel, Gel/Ca, and Gel/OGG/Ca, respectively (Figure 5D). All
groups showed more than 60% porosity, so it seems to be no
problem in cell seeding.

Figure 3. FT-IR analysis of (A) tannic acid, (B) gelatin, (C) oxidized
gellan gum, (D) Gel, (E) Gel/Ca, and (F) Gel/OGG/Ca scaffolds in
the wavelength range of 400−4000 cm−1.

Figure 4. FE-SEM images showing the surface morphology of the
scaffolds.
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Mechanical Analysis. A tensile test was performed to
evaluate the mechanical properties of the scaffold. The stress−
strain curve is shown in Figure 6. All groups were observed to

have increased tensile stress rapidly as deformation increased,
and then parts were damaged after reaching the yield point.
The Gel has tensile strength of ∼1.94 MPa and elongation of
155%. The Gel/OGG/Ca showed the highest tensile strength
(∼2.4 MPa) and elongation (197.5%). Generally, high porosity
has a low tensile strength, and Gel and Gel/OGG/Ca show the
same results. On the other hand, the Gel/Ca showed the
lowest tensile strength (∼0.9 MPa) and elongation (148.4%)
because CaCl2 weakened the cohesion of the triple helix in
gelatin; therefore, the structure became loose.
Shape-Memory Behavior. The shape-recovery process

was tested at the physiological temperature (37 °C) to identify
the potential for use in biomedical applications. Figure 7A
shows the shape-memory behavior of the scaffolds, and the
recovery of the sample was assessed after being triggered in

DW at 37 °C for an equal time (20 s). The Gel/OGG/Ca
showed the fastest recovery, which is presumed to be the result
of chemical cross-linking between gelatin and OGG. Thus,
Gel/OGG/Ca can be regarded as the most suitable scaffold for
the application of minimally invasive transplantation compared
to other groups. According to Figure 7B, the scaffolds can be
softly tied and twisted without cracking, which demonstrates
robust mechanical properties and flexibility. To evaluate this in
detail, the shape fixity (Rf) and shape recovery (Rr) of the Gel/
OGG/Ca were calculated (Figure 7C). The Gel/OGG/Ca
displayed a Rf value (97.7%) at 25 °C and a Rr value (95.8%) at
37 °C for approximately 30 s.

In all groups, the temporary shape was restored to the
original shape within about 30 s. The results of shape-recovery
time and recovery ratio were similar in three repeated tests.
These results indicate that the hydrogen bonding and triple
helix of the gelatin chains in the scaffolds are sensitively
responsive to temperature changes and stable in repeat tests.
Cytotoxicity Assays In Vitro. Cytotoxicity assay on NIH/

3T3 cells was performed to evaluate cell compatibility (Figure
8). Cell compatibility is significant in determining whether a
material can be used for biomedical applications. Generally,
75% or more of cell viability means that there is no
cytotoxicity.34 All groups except the positive control showed
more than 95%, and there were no significant variations
between the groups on 1 day of the experiment. However, only
the negative control and Gel/OGG/Ca showed more than
75%, which means noncytotoxicity of the scaffold after 2 days
of the experiment. Finally, all groups except the negative
control showed a result of less than 75% on 3 days of the
experiment, for which it is presumed that cell viability has been
reduced by a continuous release of tannic acid.35 As time
passed, all scaffolds were gradually cytotoxicy, but Gel/OGG/
Ca (68.37 ± 0.04%) had relatively weaker cytotoxicity
compared to that of the other groups. These results suggest
that Gel/OGG/Ca can suppress the release of tannic acids.
Furthermore, the amount of oxidized polysaccharides in OGG
seems to be appropriate considering too many aldehyde groups

Figure 5. Physicochemical analysis of the scaffolds: (A) mass swelling, (B) sol fraction, (c) weight loss, and (D) porosity (values are mean ± SD, n
= 4, P < 0.05 (*), P < 0.01 (**), and P < 0.001 (***)).

Figure 6. Mechanical characterization of Gel, Gel/Ca, and Cel/
OGG/Ca. Tensile stress−strain curves of the scaffolds at a speed of
20 mm/min.
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can cause cytotoxicity.36 Overall, Gel/OGG/Ca is regarded to
be biocompatible and can be used for further in vitro study.

■ CONCLUSIONS
In this study, the temperature-responsive-type memory scaffold
was successfully developed by immersing it in an aqueous
tannic acid solution. Hydrogen bonds between gelatin and
tannic acid form memory as a reversible purity. All scaffolds
were temporarily fixed at 25 °C in 1 s due to their fast reaction
rate and restored to their original form at 37 °C in 30 s. In
particular, Gel/OGG/Ca had excellent shape fixation and
shape recovery estimated by the introduction of the Shiff base
structure. In addition, the proper amount of oxidation did not
induce cytotoxicity and improved the mechanical properties of
the scaffold and the structural stability of the substrate. Cell
viability analysis showed that Gel/OGG/Ca is cell-compatible

and may be suitable for further in vitro studies. Further
research is needed to confirm the effectiveness and prove its
applicability. The strategy proposed in this study suggests that
it can be autonomously placed in difficult-to-access places such
as the human body and space and that it can be applied to
various applications by changing its original shape and
changing its temporary shape.
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