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HIGHLIGHTS GRAPHICAL ABSTRACT

Schiff base structure was introduced as
shape memory net-points.

The transition temperature was around
physiological temperature (38 °C).

Elongated hydrogel could close the inci- ﬁ
sion noninvasively following thermal

stimulation.

Self-contracting hydrogel
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Articlf history: Major challenges in traditional wound closure methods (e.g. using sutures and skin staplers) remain inade-
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severe scarring. Herein, an oxidized starch/gelatin-based shape memory hydrogel (OSG) was fabricated as a
self-contracting wound dressing to facilitate noninvasive wound closure. The self-contracting properties were at-
tributed by introducing crosslink net-points in the hydrogel polymer structure through Schiff base reaction be-
tween oxidized starch (0S) and gelatin. We systematically investigated the self-contracting properties to
determine the feasibility of the hydrogel to treat wounds and promote wound closure noninvasively. Following
elongation, OSGs could be entirely fixed in a temporary shape at 4 °C, and then contracted under infrared irradi-
ation (IR) for shape memory activation near human physiological temperature (38 °C), providing sufficient
recovery force (4 kPa) for successful noninvasive wound closure. Additionally, H&E staining revealed that thicker
epidermis and dermis layers were achieved upon OSG treatment, confirming that the OSG facilitated tissue
reconstruction in an in vivo rabbit model. Moreover, the OSG-treated wounds displayed smoother skin and no
visible scarring compared to sutured wounds. Such excellent performance suggests that OSG hydrogel exhibits
high potential as an alternative to medical sutures to facilitate noninvasive would closure.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction
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opment of effective suture methods for wound closure owing to the
need for timely and effective treatment injuries; accordingly, numerous
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and different suture methods and materials have been investigated [1].
Medical wound suture, which has the advantages of high tensile
strength, good toughness, and relatively low price, is frequently used
for wound stitching along with tissue ligation and fixation. However,
the traditional suture method also has several disadvantages as it can
be time-consuming, requires professional skills, and, as an invasive
treatment, may result in infection and inflammation [2]. A common al-
ternative wound closure method utilizes a skin stapler to connect the
wound edges, and can significantly reduce the operative time [3]. How-
ever, this method is highly invasive and is associated with a number of
drawbacks including pain, high risk of infection, more severe scarring,
and difficulty in removal. Recently, noninvasive wound closure devices,
such as Zipline™, have been introduced to connect the wound edges
without using any medical suture or staple [4]. However, this method
may increase the risk of contamination and infection as the wound
area is directly exposed to the external environment. Moreover, it is dif-
ficult to maintain the moisture content inside the microenvironment of
wounds, which has been confirmed by preclinical data to facilitate
wound healing [5]. Consequently, multipurpose materials combining
suture and wound dressing functionalities are highly needed to facili-
tate noninvasive wound closure and wound healing.

Recently, shape memory materials (SMMs) have attracted consider-
able attention in the biomedical field, owing to their multifunctional
and stimuli-responsive capacities [6]. As materials that can memorize
their original state, SMMs are capable of returning from a deformed
state (temporary shape) to the original state (permanent shape) in re-
sponse to an external stimulus, such as heat, solvent, or light [7-9].
Based on the memory feature of SMMs, numerous studies have been
conducted to determine their potential for either wound closure or
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wound healing applications. Lendlein et al. firstly described a SMM-
based suture with self-tightening capacity for wound closure that
could shrink and tighten the knot when heated to a temperature
above 46 °C [10]. Moreover, Biswas et al. prepared a polyurethane-
based body temperature-responsive self-tightening suture. This
SMM could be used as an “automatic” suture to close the lips of
the wound following shape recovery activation at physiological tem-
perature [11]. Recently, Li et al. investigated a multi-responsive zwit-
terionic shape memory polymer that could perfectly fit and tightly
bind to the wound site following thermo/moisture-induced shape re-
covery [12]. However, although these smart sutures provided appro-
priate recovery force to prevent scar tissue and necrosis of the
surrounding tissue, they still have to be used as suture materials in
an invasive way.

Few studies have been conducted regarding SMM utilization in ap-
plications combining noninvasive wound closure and wound healing.
SMM-based wound dressings were hypothesized to attach to the con-
tour of the wound skin in an elongated temporary shape, and were
demonstrated to contract in response to an external stimulus, thereby
closing the wound noninvasively. For the successful development of
wound dressings for noninvasive wound closure, some essential prop-
erties of SMMs should be considered. Firstly, wound dressings should
be capable of controllable shape memory capacity to self-contract
wound skin to facilitate wound closure [13]. Secondly, wound dressings
should be able to provide proper recovery force, as preclinical data have
shown that if the force is too strong or too weak, necrosis of the sur-
rounding tissue or scarring could occur [10]. Lastly, wound dressings
should be biocompatible and maintain wettability to facilitate wound
healing [14].
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Fig. 1. Schematic representation of self-contracting OSG for noninvasive wound closure and healing.
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Gelatin, as an ideal thermo-reversible hydrogel, shows considerable
potential in the development of thermo-responsive biomaterials be-
cause of its reversible triple helix structure at low temperature [15].
However, gelatin generally exhibits poor mechanical strength and no
shape memory capacity, as it lacks stable molecular entanglement as
net-points in the polymer structure. Net-points, a necessary functional
component in the shape memory polymer network, play a critical role
in the shape recovery process [16]. One strategy to endow gelatin
with shape memory property is by introducing stable net-points in
the gelatin-base polymer structure. For example, we previously gener-
ated a thermo-responsive SMM with chemical crosslinks as net-points
that exhibited excellent shape memory capacity [17]. Similarly, Zamani
Alavijeh et al. synthesized a biodegradable shape memory hydrogel, in
which chemical crosslinks were introduced in the polymer network
through Schiff base reaction between the amino groups of gelatin and
the -N=C=0 groups of UPy-hexyl-isocyanate [18]. Therefore, the com-
bination of gelatin and materials containing aldehyde groups could be
potentially promising for synthesizing shape memory hydrogels to
meet the requirements of smart materials for wound closure and
wound healing.

In this study, to facilitate noninvasive wound closure and wound
healing, we fabricated an oxidized starch (OS)/gelatin based shape
memory hydrogel (OSG). In the OSG, the thermo-reversible gelatin
acts as a shape memory switch, and the crosslinks derived from Schiff
base reaction between the aldehyde groups of OS and the amino groups
of gelatin serve as shape memory net-points. Accordingly, the
crosslinked structure could enhance the structural stability and me-
chanical properties of OSG, which also provided OSG with sufficient
shape recovery force after activation. As shown in Fig. 1, when the
stretched OSG, whose shape had been fixed temporally, was attached
to the wound skin, it allowed the wound lips to close noninvasively by
its self-contracting property when stimulated by increasing the temper-
ature over the transition temperature (T qpns). Additionally, OSG could
also accelerate wound healing, as the moisture content inside the mi-
croenvironment of wounds was well maintained [19]. The net-points
(chemically cross-linked) of the structure in the shape memory poly-
mer network were carefully investigated. Shape memory effect and
self-contracting capacity following shape memory activation were also
investigated in vitro and in vivo. Additionally, in order to examine the ca-
pacity of the material to facilitate wound healing, the depths of the cap
in the wound sites were also evaluated in detail using a rabbit critical-
size incision model. The current study may support the feasibility of
noninvasive wound closure using the novel material, and may demon-
strate its efficacy in promoting wound healing.

2. Materials and methods
2.1. Materials

Soluble starch was provided by ZhiYuan Chemicals. Co., Ltd. (Tianjin,
China). Gelatin (type A from ox bone, 240 g bloom) and sodium
periodate (NalO4) were purchased from Aladdin Chemical Co. Ltd.
(Shanghai, China). Sulfuric acid (H,SO4) was used to adjust the pH of
the solution.

2.2. Synthesis of OS and oxidized starch/gelatin hydrogel (0SG)

The protocol for preparation of OS was adapted from two previously
reported methods [20,21]. Firstly, 4.8 wt% of soluble starch solution was
prepared by completely dissolving soluble starch in distilled water at
50 °C. Next, the pH of the solution was adjusted to 3.0 with sulfuric
acid, then NalO4 was added to the solution with the ratio of soluble
starch and NalO4 kept at 2:1. The reaction solution was placed in an
ice bath and allowed to react for 5 h. Subsequently, the solution was di-
alyzed against distilled water for four days until the dialysate was free

from NalOg. Before further experimentation, the purified OS was lyoph-
ilized 48 h and then milled to obtain the OS powder.

0SG was prepared through Schiff base reaction between OS and gel-
atin. The OS solution (4.8, 5.6, and 6.4 wt%) was first mixed with the gel-
atin (20 wt%) solution in a ratio of 9:10 (w/w) at 50 °C; then the mixture
was poured into molds and maintained at 50 °C for 1 h until the mixture
was solidified.

2.3. Chemical structure determination

The chemical functional groups of OS and OSG were identified using
a Fourier transform infrared (FT-IR) spectrometer (Bruker, Daltonics,
Germany). The FT-IR spectra were recorded at 4 cm™! resolution in a
range of 4000-600 cm ™! against a background of KBr and ambient air.
A Raman spectrometer (LabRam HR Evolution, Japan) was also used to
verify the structure of OS and OSG. The spectra were recorded using
an excitation laser of 514 nm and integration time of 10 s.

24. Evaluation of the physical properties

The mechanical properties of hydrogels were evaluated using an Au-
tograph AGS-X electronic universal testing machine (Shimadzu, Kyoto,
Japan). Rectangular samples (30 x 7 x 2 mm?>) were tested at the tensile
rate of 20 mm min~". Tensile stress was recorded as a function of strain.
According to the stress-strain curves, the stress and elongation at break
as well as the Young's modulus were obtained. In addition, the compres-
sive properties of hydrogels (cylinder, diameter = 25 mm, height =
55 mm) were also evaluated at a displacement rate of 1 mm min !
using a compressive plate. The compressive modulus was calculated
from the initial linear portion of the slope of the compression curve.
The swelling behavior and in vitro degradation properties of OSG were
also determined by dry weight analysis (Supplementary Method 1
and 2) [22].

2.5. Dynamic rheological test

To obtain the shape memory T4, dynamic temperature sweeps
were performed using a rheometer (Anton Paar, Graz, Austria) to record
the changes of storage modulus (G’)/loss modulus (G”) of OSG and gel-
atin as a function of temperature. Samples (cylinder, diameter =
25 mm, height = 1.6 mm) were measured over a temperature range
of 4-80 °C at a heating rate of 2 °C min ™!, with a constant angular fre-
quency of 10 rad s~ ! and shear strain of 1%. The temperature at the
crossover point of the G’ and G” curve was identified as the Tyq,s of
the material. When there was no crossover point, the T¢,q,s was identi-
fied as the temperature at which G’ displayed the maximum slope [18].

The OSG samples with original shape, temporary shape following
elongation and fixation, and recovered shape after shape memory acti-
vation were prepared for further examination. To monitor the relation-
ship between G’/G” and shape memory performance of OSG, dynamic
rheological measurements of hydrogels were conducted using a
strain-controlled (1%) and frequency-controlled (10 rad s~ ') mode, re-
spectively (Supplementary Method 3). The thermo-responsive behavior
of OSG was also tested using thermo-cycles to identify the recovery
force (Supplementary Method 4). Silicone oil was used to spread on
the side of the cylinder sample to prevent dehydration during the rheo-
logical measurements [23]. Each rheological measurement was per-
formed in triplicate.

2.6. Shape memory behavior

Firstly, the samples (46 x 7 x 2 mm®) were stretched to a temporary
shape, which was then fixed when cooling to 4 °C. After unloading the
external stretching force, the samples were heated to a temperature
above 38 °C to activate shape recovery, which was typically in the
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range of 38-41 °C. The length of the samples was recorded during the
process.

The shape fixity (R¢) and shape recovery ratio (R;) were calculated
using Eqgs. (1) and (2) [12].

. Ly

Shape fixity (Ry) = =L~ 100 (1)

Sha Ry =27k 100 2

pe recovery ( ,)7L L% (2)
3—L

where, L; L, L3, Ly represent the initial length of the sample, the length
after stretching, the length after releasing the stress at 4 °C, and the re-
covered length at T > 38 °C, respectively.

Shape recovery force was evaluated through relatively complex
thermo-mechanical cycles using strain-temperature control mode
(dT/dt = 2 °C min~ ') on an electronic universal testing machine
(Shimadzu Autograph AGS-X). The equipment enables control of the
strain and temperature, with the temperature being controlled by
switching the heating or cooling devices on or off. This experiment
mainly focused on the recovery force evolving upon constrained
heating. The experiments involved two stages, in which the rectangular
0SG samples (20 x 7 x 2 mm?>) were: (i) stretched to 50% strain at a rate
of 5mm min~! at 38 °C; and (ii) four thermo-cycles with constant elon-
gation. Each thermo-cycle consisted of a cooling and heating process:
firstly, the temperature was cooled to 4 °C and maintained for 10 min;
secondly, the sample was heated while the strain was kept constant to
generate the recovery stress for 10 min. The shape recovering stresses
were recorded as a function of time for further analysis.

In addition, Masson's trichrome staining was used to demonstrate
the polymer cluster orientation of OSG during the elongation and recov-
ering process. The OSG hydrogels with original shape, fixed temporary
shape (100% elongation), and recovered shape were prepared into cu-
boids (10 x 7 x 2 mm?). Pristine gelatin hydrogels with original and
stretched shape (20% elongation) were also prepared as controls for
the same Masson's trichrome staining procedure [24]. All samples
were obtained using the freezing sectioning method, in which the fro-
zen 6-pm transverse sections were cut along the tensile direction for
further staining. Photomicrographs were obtained using a ZEISS
microscope.

The pore structure changes prior to and following shape memory ac-
tivation were determined using a scanning electron microscope (SEM).
The OSG samples with original shape, temporary shape, and recovery
shape were lyophilized and then immersed in liquid nitrogen to obtain
transverse sections. Images of the transverse sectioned OSG hydrogels
were obtained using a JSM-6610 SEM (Shimadzu).

2.7. Cytotoxicity assays in vitro

Mouse skin fibroblasts (L929, Chinese Academy of Sciences Cell
Bank, Beijing, China) were used to detect the cytotoxicity of OSG
hydrogels via MTT and live/dead cell staining assays according to ISO
standard 10993-5 (Supplemental Method 5).

2.8. Surgical procedure and histological analysis

0SG (30 x 30 x 3 mm?) was prepared for animal testing. Initially, 12
New Zealand white rabbits (2-4 months old, approximately 2.0 kg in
body weight) were anesthetized with 0.5 ml of xylazine and ketamine
hydrochloride. After shaving and sterilizing the surgical areas, three
full-thickness incisions were created on the dorsal skin of each rabbit.
Then, the OSG hydrogel was adhered around the incision using bioglue
in a temporary shape after elongation and fixation. Subsequently, shape
recovery of the elongated OSG was triggered by infrared light to control
the temperature at 38 °C. Rabbits were housed individually in cages at
room temperature to prevent other damage to the wounds and

materials. Eventually, rabbits from each group (n = 4) were humanely
euthanized at 3, 7, or 10 days after surgery for subsequent examinations.
Two control groups including rabbits with incisions left untreated and
incisions treated with medical suture were also established in the
same surgery procedures. The condition of the wound area was re-
corded using a digital camera, and the wound area was then calculated
with Image] software. All animal experiments were approved by the
Southwest University Animal Care and Ethics committee.

Tissue specimens were collected by removing the skin containing
the entire wound and adjacent normal skin. Subsequently, the speci-
mens were fixed with 10% formalin and embedded in paraffin, then sec-
tions (5 um) were cut vertically to the incision and stained with
hematoxylin-eosin (H&E) for subsequent histological observations [25].

2.9. Statistical analysis

Statistical analysis was determined using one-way ANOVA. In all
cases, differences were considered significant when the probability
value (p) < 0.05.

3. Results and discussion
3.1. Structure conformation of the shape memory hydrogel

A strategy for gelatin to obtain shape memory properties at physio-
logical temperature involves introducing net-points to its polymer net-
work, which is expected to be provided via Schiff base reaction between
the amino groups of gelatin and aldehyde groups of OS (Fig. 2A). As
shown in Fig. 2B, pristine OS and gelatin solutions were in the fluid
state at 38 °C, while the OSG was in the solid gel state after crosslinking.
This figure clearly shows that the OSG hydrogel was formed by the
chemical crosslinking of gelatin and OS through Schiff base reaction.
The molecular structure of the prepared hydrogel was compared with
its pristine raw materials using FT-IR and Raman spectra analysis.
Firstly, the appearance of an obviously new stretching vibration band
of -C=0 at 1738 cm™! in the FT-IR spectrum (Fig. 2C) suggests OS
was successfully synthesized. The Raman spectra also confirmed the ex-
istence of -C=0 in the OS structure (Fig. 2D). There was an obvious peak
located in the range of 1717 to 1748 cm™ !, which can be assigned to the
-C=0 group [26]. These results confirmed that the pristine starch has
been successfully oxidized by NalOg.

The self-contracting capacity is attributed to the excellent shape
memory of the polymer structure, where the net-points could be
inserted via Schiff base reaction. In Fig. 2C, the new characteristic band
at 1661 cm™! in the FT-IR spectrum can be assigned to the absorption
of Schiff base bond (-C=N), which was also confirmed by the presence
of the characteristic absorption of -C=N at 1591 cm~! in the Raman
spectrum (Fig. 2D) [27,28]. Notably, according to Fig. 2C, the absorption
peaks of the amide I and amide II shifted to lower wavenumbers (from
1655 to 1634 cm ™}, and from 1552 to 1547 cm™ !, respectively) in the
FT-IR spectrum of OSG when compared to those of gelatin, indicating
that the nucleophile substitution reaction occurred, which resulted in
the formation of -C=N groups in OSG. These results suggest that the
-C=N structures were successfully introduced into the OSG polymer
network, serving as the shape memory net-points.

The equilibrium swelling behavior of the hydrogels was also mea-
sured to evaluate the changes in crosslink density in OSG with different
concentration of OS. It is known that the equilibrium swelling ratio de-
creases with the increase of crosslink density in the system. In Fig. 2F,
0SG-b exhibited the lowest equilibrium swelling ratio compared to
that of 0SG-a and OSG-c, suggesting that OSG-b likely possessed the
highest effective crosslinking points. The hydrogel possessed higher ef-
fective crosslinking points, indicative of less network space between
polymer chains, and thus resulting in a lower swelling ratio. Similar re-
sults were previously reported for the chitosan/oxidized starch/silica
system [29]. Considering these results, the degradation characteristics
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Fig. 2. Chemical structure and characterizations of OS and OSG. (A) Schematic representation of OSG hydrogel synthesis. (B) Photographs of pristine gelatin solution, OS solution prior to
crosslinking, and OSG hydrogel at 38 °C. (C) FT-IR spectra and (D) Raman scattering spectra of pristine starch, OS, pristine gelatin, and OSG. (E) Mass retention during degradation of 0SG-b
and gelatin. (F) Swelling property of OSG hydrogels with different concentration of OS after swelling in PBS at room temperature (OSG-a, b, ¢ including OS of 4.8, 5.6, and 6.4 wt%,

respectively). Error bar indicates standard deviation (s.d.) (n = 3).

of OSG-b were investigated by weight analysis. As displayed in Fig. 2E,
the degradation rate was substantially decreased with the addition of
0S, with the complete degradation occurring in <6 h in the case of gel-
atin and in 48 h in the case of 0SG-b, which may be due to the formation
of a highly crosslinked polymer network through Schiff base reaction
between OS and gelatin.

3.2. Mechanical properties

For successful noninvasive self-contracting application, it is neces-
sary to design a wound dressing material with desirable mechanical
properties. The concentration of OS affects the crosslink density of
hydrogels, which further influences their mechanical properties. In
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Fig. 3A, the pristine gelatin exhibited maximum elongation of 65% and
tensile stress of 23.7 kPa, whereas OSG-b demonstrated maximum elon-
gation of 279% and tensile stress of 120 kPa, almost 4- and 5-fold in-
creases, respectively. A rising trend was observed in the compressive
capacity, for which OSG exhibited an increase from 7.3 to 36.6 kPa in
Young's modulus and from 2.99 to 14.28 kPa in compressive stress at
yield (Fig. 3B). The mechanical strength of OSG initially increased with

the addition of OS, and then decreased when an excess of OS was pres-
ent in the OSG system (OSG-c). This might possibly be explained by the
fact that the free amino groups in gelatin rapidly reacted with different
0S in the case of high OS concentration, guiding the reaction in an early
stage towards the direction of grafting [30]. It has been shown that the
modulus of hydrogel dressings should be consistent with that of the tis-
sues neighboring the wound to ensure the integrity of the wound
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dressing during the process of wound healing [31]. In the present study,
the tensile Young's modulus values of OSG hydrogels were 45-55 kPa,
which were comparable to those of human skin (23-101 kPa) [32].

According to Fig. 3C, the OSG could also be knotted and twisted
without fracture, suggesting that the hydrogel retained robust mechan-
ical properties and excellent resilience. Fig. 3D also illustrates that the
0SG hydrogel could restore rapidly after compression, whereas the pris-
tine gelatin hydrogel was easily fractured. This might derive from the
chemical crosslinked structure in the OSG system, which enhanced
the mechanical properties and thus may facilitate its application for
wound closure.

3.3. Rheological characteristics

To investigate the shape memory mechanism of OSG hydrogel, dy-
namic rheology tests were performed to evaluate its thermodynamic
properties and Tyqns. Fig. 4A shows that OSG hydrogels exhibited higher
G’ than G” value in the range of the linear viscoelastic region, suggesting
that the hydrogel in all states constituted a typical gel-like system with
behavior likely comparable to that of an elastic solid [8]. After the inter-
section point (gel point) between G’ and G”, the hydrogel exhibited a
fluid-like state with a collapsed network [33]. The shear strain at the
gel point was decreased from 142% to 71% following OSG deformation
and fixation at the temporary shape. This might be explained by the
fact that the OSG at the temporary state was elongated before testing,
allowing easier disruption of the polymer aggregates in the hydrogel
[26]. It is also worth noting that G’ of recovered and temporary samples
is slightly weaker than that of original sample in the linear region, which
might be ascribed to the fact that the temporary and recovered samples
remove the residual stress that originates from processing. Moreover,
this confirmed the function of net-points in the shape memory polymer
network. The permanent shape of the shape memory network was sta-
bilized by covalent net-points, which allowed OSG to spontaneously re-
cover its permanent shape following shape memory activation because
of the entropy relaxation of the material [34].

Fig. 4B shows the G’ and G” curves of the OSG hydrogels as a function
of angular frequency at room temperature. For all OSG hydrogels, the G’
value was considerably higher than the G” value between 1 and
100 rad s~ !, and G’ showed a marked frequency-independent plateau,
which indicated the stable structure of the gel network. These results
suggest that the hydrogels in original, temporary, and recovered states
had a well-developed network possessing good long-term stability
and high mechanical strength [8].

The Tyans of OSG hydrogels was measured by using the dynamic vis-
coelastic method. The G’ and G” at constant strain amplitude (1%) and
angular frequency (10 rad s~ !) were measured as a function of temper-
ature. In Fig. 4C, the typical characteristics of G’ and G” curves can be di-
vided into three segments: a slight flat region with G’ and G” curves that
decreased as the temperature increased; a region with a steep negative
slope; and a nearly flat segment. Gelatin forms a physical network at
low temperature, whereas the physical network of pristine gelatin is
not stable at body temperature. In Fig. 4C on the left, the intersection
point of the G’ and G” values was located at 36 °C, suggesting the col-
lapse of the physical network of pristine gelatin when heated above
36 °C. In Fig. 4C on the right, the G’ value of OSG was higher than the
G” value in the whole temperature range (4-80 °C), indicating that a
strong crosslinked structure was obtained in the OSG hydrogel. More-
over, the viscoelastic modulus had the largest incline at 38 °C, which
was defined as the T4, of OSG [18].

Dynamic rheological testing was further employed to clarify the
shape memory behavior of the OSG hydrogels. As it can be seen in
Fig. 4E, the G’ difference (AG’) between the original and temporary sam-
ples was significantly higher at 40 °C than that at 20 °C, indicating that
more stored energy was released after shape memory activation
above the Tyqns (38 °C) for the temporary OSG. G’ indicates that the
stress energy is temporarily stored but can be recovered afterward

[35]. Because of the deformation/elongation process occurring during
the preparation of OSG in the temporary state, this sample restored
more energy following shape fixation. The restored energy was fully re-
leased, corresponding to the decrease of G’ following shape memory ac-
tivation above the T4, In addition, there was no significant difference
between the G’ of the temporary state and that of the original state at
10 °C in the last cycle. This suggests that the G’ value at 10 °C could al-
most return to the original value after shape recovery induction at
40 °C, reflecting that the rheological structure was almost fully recov-
ered compared to that of OSG in its original state [32]. In addition, the
tand of both OSG and gelatin raised to the highest values at 38 °C during
temperature sweep from 20 to 80 °C (Fig. S4), implying that the increase
in tand of OSG might be attributable to the thermo-responsive gelatin
component. In comparison with the considerable tand increase in gela-
tin (to higher than 1000), the tand of OSG was always lower than 1 dur-
ing the temperature sweep, indicating that the chemical network in
0SG, resulting from the Schiff base reaction, retains its structure regard-
less of the temperature. These results demonstrate that the chemical
crosslinked net-points and thermo-responsive gelatin components
endowed shape-memory capability to the OSG hydrogel [36].

3.4. Shape memory behavior

Masson's trichrome staining is frequently used for the detection of
collagen fibers, following the general rule that less porous tissues are
colored by the smallest dye molecule followed by the larger molecule
[37]. In particular, a previous study concluded that the differences in
the penetration, retention, and displacement of arylmethane dyes
could lead to the red staining of collagen/gelatin, in which more posi-
tively charged amino dye-binding sites are available [38]. In the present
study, Masson's trichrome staining was used to stain the gelatin-based
hydrogels to detect the changes in orientation of the substrate material
during the shape recovery process. As shown in Fig. 5A, the gelatin-
based substrate (dark color) in the original shape presented an
approximately isotropic arrangement. After stretching and fixation
with concomitant loss of entropy, the macromolecular cluster of tempo-
rary OSG exhibited obvious orientation along the force direction, pre-
senting a parallel orientation. Following shape memory activation, the
re-arrangement of the polymer network structure returned to the cor-
responding original state characterized by the isotropic structure of
the base material, during which the materials gained back the previ-
ously lost entropy. In comparison, no obvious changes were observed
prior to or following shape memory deformation and fixation in the
pristine gelatin hydrogel. Thus, these results suggest that the shape
memory capacity could be attributed to the entropic elasticity at the
molecular scale [34].

The pristine gelatin hydrogel had no shape memory property, as
there were no stable physical crosslinks as net-points at higher temper-
ature in its polymer structure. Generally, there are two methods to pro-
vide such thermally stable net-points: increasing the molecular weight
to form thermally stable physical crosslinks or introducing a chemical
crosslinker to form stable chemical crosslinks [39]. In the present case,
OS was introduced as a chemical crosslinker to form a thermo-
responsive gelatin-based network. As shown in Fig. 5B, OSG exhibited
effective shape memory fixation (Rf = 94.7%) at 4 °C and shape recovery
(Ry = 95.5%) upon triggering shape memory at 38 °C for approximately
30 s. SEM showed the pore structure of OSG hydrogels, in which the
mean pore size was 150 um. OSG could be fixed in an elongated
shape, exhibiting aligned narrow pore architecture along the
stress-loading orientation. After reheating above 38 °C to activate
shape recovery, the pore structure recovered to the original state. The
results demonstrate that the micropore structure of the OSG hydrogel
was not damaged during the shape deformation and recovery pro-
cesses, which supports the feasibility of OSG use in wound closure and
wound healing applications.



Q. Mao et al. / Materials and Design 194 (2020) 108916
A B 100000
10000 Sttt
—=— G-Original T T o o s o o - A A A ¢
— = G"-Original S
—~~ / —_~
g —4— G'-Temporary / / / N —a— G"-Original ——G"-Original
:\/ —— G"-Temporary /7 / / :\’ 1000 4 ~—&— G'-Temporary ——G"-Temporary
{01000 5 // // [0) —e— G-Recovered —— G"-Recovered
O] —e— G"-Recovered // O .
SERE— /- 4 100 | T
St ittt ot o - T -
. 4
100 Nt i et
T } T 10 T  §
0.1 1 10 100 1 10 100
Strain (%) Frequency (rad/s)
C 100000y— — —————— " "00000 70— — —
10000 T 8 Gelatin —=— G-0SG
— — G"-Gelatin —+— G"-0SG
1000 + i
100 10000
o 3 38°C
m —~~
< 104 < 4
) 14 Q 1000+
( o
© 01
0.01 TP Pong
100+ oo,
0.001 + \_ .
1E-4 e
1 E-5 T T T T T T T T 10 T T T T T T T T
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
Temperature (°C) Temperature (°C)
Original s E v 1140
I 120 __
\ 100001 5
Stretching © [ o
y Q l =]
Temporary shape Y = —=— G-Original a . 80 &
C ) — O —=— G-Temporary inc|l )
( ez 10004 & 60 &
—e— Temperature (°C) H bl
Rheometer platform . L40 —
Recovery 20 l—‘ $¥°
Recovered shape ¥ Q- 10°C F‘ILC: 105 w0c [20
100+——r . ' ' . ; .
0 20 40 60 80 100 120 140
—— 1 . ;
Time (min)
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shape. (C) Temperature-dependent changes of the storage modulus (G’) and the loss modulus (G”) of pristine gelatin (left) and the OSG-b (right). (D) Schematic of sample preparation for

rheological tests. (E) Time-dependent changes of the storage modulus for OSG in original

A thermo-mechanical cycle test under strain control mode was per-
formed to exam the recovery force of OSG hydrogel and inspect the re-
peatability of the shape memory capability (Fig. 5C). OSG was elongated
by 50%, and then cooled for a short period of time to 4 °C. With constant
elongation, the recovery force (approximately 4 kPa) was generated
correspondingly after increasing the temperature to Tyqns (38 °C),
which was contributed by the stored energy release. During the entire
thermo-mechanical cycle test, obvious downward slants in stress
could be observed, which might be associated with the stress relaxation
under constant elongation control. Notably, the stress relaxation did not

shape and temporary shape in three isothermal sweep cycles.

differ significantly from the recovery force generated in all thermo-
mechanical cycles, suggesting good repeatability of the recovery force
generated. These results corroborate the added value of the OSG self-
contracting capacity in wound closure applications.

3.5. Self-contracting capacity and noninvasive wound closure performance
in vivo

Before assessing the self-contracting capacity of the OSG hydrogel
in vivo, in vitro cell biocompatibility was determined by cell viability
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and live/dead staining. The results show that OSGs with different OS
concentrations exhibited good biocompatibility (Supplementary
Fig. S3). The self-contracting capacity of the OSG was investigated
using the dorsal full-thickness incision model. As can be seen in
Fig. 6A, the OSG hydrogel after elongation and fixation was initially ad-
hered to the rabbit skin around the incision site. After triggering at 38 °C,
the OSG rapidly contracted from the elongated shape and pulled the
skin around the incision to close the wound. In addition, Supplementary
video 1 is provided to better demonstrate the self-contracting capacity
of OSG for wound closure. The successful closure of the wound sug-
gested that the OSG hydrogel provided sufficient recovery force for
wound closure in a non-invasive manner.

3.6. Wound healing capacity in vivo

Wound closure and healing processes were monitored over time
in vivo as shown in Fig. 6B and C. The OSG and medical suture groups
displayed faster wound healing than the blank control group without
any treatment. The healing process was slower and more scar tissue

was produced in the blank control group compared to the other groups.
Owing to the lack of external force to promote wound closure, the
wound healing in the blank group was fully reliant on the migration of
cells from surrounding tissues [2]. Moreover, the usage of OSG hydrogel,
which does not require professional skills, significantly expedited the
operation procedure in comparison to conventional surgical suturing.
The wound treated with OSG after 10 days exhibited a visually smaller
wound area compared to that of the blank control group, being even
slightly smaller than that of the medical suture group. Notably, although
the suture served to close the wound, it had the potential to cause sec-
ondary damage upon removal at day 7, leading to incomplete wound
closure. Furthermore, it is interesting to note that the wound treated
with OSG displayed smoother skin and no obvious scar formation com-
pared to that treated with suture and Mepiform® dressing at day 10
after surgery. One possible reason might be that the OSG distributes
stress more evenly and provides uniform closure across the incision,
whereas stitching by suture induces stress on specific points where
the skin is punctured. Moreover, the self-contracting and wound closing
capacities might also take effect. OSG hydrogel, as against Mepiform®
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dressing, could provide a more evenly distributed (and hence, more fa-
vorable) stress environment to enable the wound to close completely.
Thus, the OSG hydrogel displayed high shape recovery efficiency and
demonstrated strong potential as an effective alternative to medical su-
tures for noninvasive wound closure and subsequent wound healing.

3.7. Histological analysis

H&E staining was performed to evaluate the overall wound healing
capacity of OSG. Generally, normal skin can be divided into three layers
including epidermis, dermis, and hypodermis [39]. As demonstrated in
Fig. 7A, the OSG group showed significant granulation tissue and light

Adhesion

inflammation at day 3 post-surgery. At day 10 post-surgery, more com-
plete epidermal and dermal structures along with greater detachment
of the callus from the epidermis was observed in both suture and OSG
groups, whereas obvious structural disorders of the wound sites were
visible in the blank control group, which received no treatment. The
results illustrate that OSG facilitated granulation tissue formation and
re-epithelialization of the wounds. Moreover, 10 days after surgery, an
obvious 2.0-mm-depth gap remained in the blank control group,
whereas the depth of the gap in the OSG-treated group had decreased
dramatically from 2.0 mm to 0.5 mm (Fig. 7C). This result suggests
that the OSG-sealed skin incision was successfully healed. OSG also ex-
hibited superior wound healing capacity in comparison to that of the
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Fig. 6. (A) Noninvasive wound closure effect of self-contracting OSG applied on a dorsal full-thickness incision model. Wound healing effect of different wound closure methods.
(B) Schematic of wound area traces on different days (day 0, 3, 7, and 10) after surgery. (C) Photographs of the wounds either untreated or treated with OSG hydrogel or medical
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suture and Mepiform® dressing, as evidenced by the respective gaps
with depths of approximately 1.4 mm. In addition, levels of inflamma-
tion with various treatments were assessed by a score system
(Fig. S4). At day 3 post-surgery, all groups exhibited similar levels of in-
flammation and no severe immune response. This result, in agreement
with the cytotoxicity determination (Fig. S3), is indicative of good bio-
compatibility. However, greater numbers of inflammatory cells in
blank control and suture group compared with that in the OSG group
at day 7 post-surgery. This might be attributable to the fact that the
0SG facilitated wound closure and promoted/accelerated the wound
healing [40]. Apart from the effective wound healing capacity, these
findings also indicate that OSG might be superior to suture with regard
to 1) the feasibility of noninvasive wound closure; 2) the effect of reduc-
ing wound inflammation degree; and 3) no professional skill require-
ment for wound closure.

4. Conclusion

In summary, to endow gelatin shape memory capacity, OSG was
successfully produced through the introduction of Schiff base (-N=

C) constructs as net-points in the polymer structure. As a result of
the successful introduction of shape memory net-points, the OSG ex-
hibited an effective thermo-responsive shape memory property with
Tirans (38 °C) near physiological temperature. Orientation of macromo-
lecular clusters was further identified prior to and following shape
memory activation, changing from parallel orientation to random
coil, during which the materials gained back the entropy lost in the
deformation step. In addition, the OSG hydrogel exhibited sufficient
mechanical capacity and tissue compatibility for wound healing and
facilitated wound tissue remodeling. The OSG wound dressing could
self-contract the attached skin from the elongated shape to close the
incision noninvasively following thermal stimulation. Histological
analysis further demonstrated the occurrence of successful wound re-
pair. Thus, OSG is an attractive alternative to sutures, and is a multi-
functional wound dressing for noninvasive wound closure that
facilitates wound healing. However, more research is necessary to im-
prove the properties of this dressing. The design of self-adhesive sub-
stances, for instance, is essential to endow the material self-adhesion
to skin and therefore extend the application of SMMs as suture alter-
natives for noninvasive wound closure.
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Supplementary data to this article can be found online at https://doi.
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