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ARTICLE INFO ABSTRACT
Keywords: Shape memory hydrogels often suffer from slow recovery, mechanical weakness, and poor stability under
Shape memory hydrogels physiological environments, limiting their biomedical applicability. Herein, we developed a multifunctional

Stimuli-responsive materials
Self-healing
Controlled release

smart hydrogel composed of gelatin, chitosan, alginate, and montmorillonite clay (GCAM), engineered for
advanced biomedical applications. The hydrogel exhibited ion-responsive shape memory behavior, through
calcium-mediated “egg-box” fixation and bicarbonate-induced recovery, achieving robust recovery of complex
geometries. GCAM hydrogels showed a high swelling ratio (324.1 + 22.4%), an interconnected porous structure,
excellent skin adhesiveness without leaving residue, and controlled degradation (14.1 + 0.3% weight loss by day
20 and 85.4 + 2.1% by day 60 in PBS). The material exhibited rapid self-healing (< 1 h), recovering ~90%
tensile strength and maintaining electrical conductivity to enabling LED illumination in a closed circuit. Enox-
aparin was successfully encapsulated and released in a sustained manner over 14 days, with cumulative release
of 91.6 £+ 5.4%. The hydrogel showed strong biocompatibility with viability exceeding 80% at 80 pg/mL in
mouse vascular endothelial cells, alongside excellent hemocompatibility, and the promotion in vascularization in
the CAM assay. Collectively, these findings highlight the multifunctional potential of the GCAM hydrogel for
advanced biomedical and wearable applications.

1. Introduction metals such as nickel-titanium (NiTi) and copper-aluminum-nickel
(CuAlNi), which have been widely studied because of their unique
The development of shape memory materials has long focused on ability to recover a predefined shape when subjected to specific stimuli

* Corresponding author at: The Vijay Lab, Division of Engineering, New York University Abu Dhabi, Abu Dhabi, United Arab Emirates.
** Corresponding author.
*** Corresponding author at: Graduate School of Biotechnology, College of Life Sciences, Kyung Hee University, Yongin si, Gyeonggi do 17104, the Republic of
Korea.
E-mail addresses: phanvuhoanggiang@tdtu.edu.vn (V.H.G. Phan), vs89@nyu.edu (S. Vijayavenkataraman), joao.conde@nms.unl.pt (J. Conde), thambi@khu.ac.
kr (T. Thambi).
! These authors contributed equally to this work.

https://doi.org/10.1016/j.matdes.2026.115736

Received 26 September 2025; Received in revised form 18 February 2026; Accepted 24 February 2026

Available online 25 February 2026

0264-1275/© 2026 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0000-0002-0919-5911
https://orcid.org/0000-0002-0919-5911
https://orcid.org/0000-0002-0851-2874
https://orcid.org/0000-0002-0851-2874
https://orcid.org/0000-0001-7644-0721
https://orcid.org/0000-0001-7644-0721
https://orcid.org/0000-0001-8422-6792
https://orcid.org/0000-0001-8422-6792
mailto:phanvuhoanggiang@tdtu.edu.vn
mailto:vs89@nyu.edu
mailto:joao.conde@nms.unl.pt
mailto:thambi@khu.ac.kr
mailto:thambi@khu.ac.kr
www.sciencedirect.com/science/journal/02641275
https://www.elsevier.com/locate/matdes
https://doi.org/10.1016/j.matdes.2026.115736
https://doi.org/10.1016/j.matdes.2026.115736
http://creativecommons.org/licenses/by/4.0/

H. Huong et al.

such as heat or pressure [1-3]. These metal-based shape memory alloys
(SMAs) have been applied in diverse fields, including biomedical devices
such as orthodontic wires, stents, bone fixation implants, and surgical
instruments [4]. However, SMAs have limitations, especially in
biomedical contexts, owing to potential biocompatibility issues, re-
strictions on stimuli activation within the human body, and the risk of
toxic degradation products over time [4,5]. Additionally, their rigid
structures can lead to issues such as inflammation, thrombosis, or un-
wanted immune responses when used for devices that contact the blood
vessels [6,7]. These disadvantages have motivated the development of
alternative materials that can provide similar functionality while over-
coming the limitations of metals.

Shape memory hydrogels (SMHs) represent a promising alternative
to metal-based SMAs, particularly in biomedical applications [8-10].
Hydrogels made from biocompatible polymers exhibit several
outstanding properties. They are bio-friendly, easily modifiable, and
capable of carrying therapeutic agents, thereby enhancing the effec-
tiveness of treatments [11-14]. SMHs can respond to various stimuli,
such as heat, light, magnetic fields, or electricity, making them ideal
candidates for controlled drug release systems and other medical ap-
plications [15]. However, the practical applications of SMHs are often
limited by the nature of their stimuli. Many of the stimuli required to
trigger the shape memory effect are not easily applicable within the
human body, or they require complex external systems to activate,
which may limit their utility in minimally invasive medical treatments
[15-17].

Synthetic polymers have been at the forefront of SMHs research,
especially those that can respond to external stimuli such as temperature
and pressure changes. Polymers such as poly(N-isopropylacrylamide)
and poly(cyclooctene) have shown potential for shape memory appli-
cations [15]. However, despite their advantageous properties, these
synthetic materials pose significant challenges and remain unclear in
terms of biosafety [18,19]. Their use in coronary artery applications, for
instance, could lead to undesirable side effects such as blood clotting or
inflammation owing to their interaction with the bloodstream and bio-
logical tissues [6]. Furthermore, the complexity of the stimuli required
to activate their shape memory response in vivo adds another layer of
difficulty when translating these materials into practical clinical
solutions.

To overcome these limitations, researchers have hypothesized that
shape memory biopolymers based on naturally sourced materials could
offer an easier and safer solution for biomedical applications [20,21].
Biopolymers, such as alginate, hyaluronic acid, gelatin, and chitosan,
offer excellent biocompatibility, are highly renewable, and degrade
safely within the body, reducing the risk of adverse reactions when used
in medical devices [22-26]. These natural polymers can serve as an ideal
foundation for creating blood-contacting devices such as bioresorbable
stents, which require biocompatible and biodegradable materials,
eliminating the need for surgical removal [14,15,27-29]. Their degra-
dation over time can help reduce the burden of invasive procedures,
making them highly suitable for the treatment of coronary artery
disease.

Among these biopolymers, alginate stands out because of its ion-
responsive properties, particularly its ability to form an “egg-box”
structure when interacting with calcium ions [13,30]. This physical
crosslinking creates a temporary gel state that can be reversed through
ion exchange, thus endowing alginate with a unique shape memory
capability [30]. However, alginate alone lacks the scaffolding network
required to maintain a stable hydrogel structure under physiological
conditions. To address this, a double-network hydrogel system can be
employed by combining alginate with a second, more robust polymer
network made from chemically crosslinked gelatin and chitosan [31].
This secondary network provides the structural integrity needed to
maintain the hydrogel's form, whereas alginate facilitates shape memory
behavior through ion interactions. This dual-network approach creates a
hydrogel with two distinct states, fixed when the “egg-box” structure is

Materials & Design 264 (2026) 115736

intact and expanded when the ion crosslinking is disrupted, making it a
promising material for biomedical applications.

In this study, we propose the use of a gelatin-chitosan-alginate-
montmorillonite (GCAM) hydrogel as a shape memory material for
biomedical applications. Alginate functions as an ion-responsive
component, whereas gelatin and chitosan form a stable scaffold. Mont-
morillonite, a clay mineral, was incorporated to further enhance the
mechanical properties and drug-carrying capacity of the hydrogel [14].
This paper outlines the preparation of a GCAM hydrogel, its shape
memory properties, with a particular focus on its mechanical durability,
biocompatibility, and drug-eluting capabilities. In addition to shape
memory capability, this hydrogel exhibits self-healing behavior,
controlled drug delivery, tissue adhesive characteristics, actuation po-
tential, and electrical conductivity. Through in vitro studies, the
swelling, degradation, and drug release behaviors of the hydrogel were
evaluated, and the safety of the SMHs was assessed by incubating them
with red blood cells and endothelial cells.

2. Materials and methods
2.1. Materials

Deacetylated chitosan from shrimp shells (CS, degree of deacetyla-
tion > 75%), gelatin from porcine skin (GE, gel strength ~175 g Bloom,
Type A), glutaraldehyde (GTA, 50 wt% in Hy0), glacial acetic acid
(CH3COOH, > 99%), calcium chloride dihydrate (CaCly-2H50, > 99%),
sodium bicarbonate (NaHCOj3, > 99.7%) and phosphate buffered saline
pH 7.4 (PBS) were obtained from Sigma-Aldrich Corporation (Missouri,
United States). Montmorillonite (MMT) nanoparticles were kindly
donated by Kunimine Industries Co., Ltd. (Tokyo, Japan). Alginic acid
sodium salt from brown algae (SA) was provided by Duchefa Biochemie
B.V. (Haarlem, The Netherlands). Enoxaparin sodium (Lovenox) was
purchased from Sanofi S.A. (Paris, France). All the chemicals and sol-
vents were used as received without further purification.

2.2. Characterization methods and statistical analysis

Fourier transform infrared spectroscopy (FTIR, ALPHA II, Bruker
Corporation, USA) was used to identify the functional groups and
characteristic linkages in the chemical structures of the SMHs. The
spectra were measured in the range 4000-600 cm . The morphological
characteristics of the hydrogels were observed using scanning electron
microscopy (SEM, JSM-6510, JEOL Ltd., Japan). ImageJ software (Na-
tional Institutes of Health, United States) was used to determine pore
size distribution from SEM images. The mechanical properties were
evaluated by measuring the compression and tensile strengths. The
compressive test was performed using a TA.XTplus Texture Analyzer
(Stable Micro Systems Ltd., United Kingdom) at a constant rate of 1.0
mm/min, using cylindrical hydrogel samples. The compressive modulus
was determined from the slope within the 5-15% strain range of the
stress-strain curves. The tensile strength of the hydrogels was deter-
mined using a Universal Testing Machine M350-10 (The Testometric
Company Ltd., United Kingdom) at a speed of 15.0 mm/min.

All data are presented as the mean + standard deviation, and all
experiments were performed in triplicate. Statistical evaluation of data
was performed using the Student’s t-test. Statistical significance was set
at p < 0.05.

2.3. Preparation of SMHs

To develop the double-network structure, the primary polymer
network forms via chemical crosslinking, whereas the secondary
network is established temporarily through physical linkages. Specif-
ically, a 3 wt% CS solution was prepared by dissolving in 1% acetic acid
at 60 °C, and a 6 wt% GE solution was made by dissolving in deionized
water (DIW) with stirring at 60 °C. MMT and SA were separately
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dissolved in DIW at a concentration of 1 wt% each. The CS, GE, MMT,
and SA solutions were then combined in a 30:20:1:0.75 vol ratio (v/v)
under magnetic stirring to form a homogeneous mixture (100 mL). To
form a primary network, a diluted 0.5 wt% GTA solution was added to
this mixture in varying volumes (4 and 7 mL) and blended for 30 min.
The resulting precursor solutions, designated GCAM4 and GCAM?7,
respectively, were poured into Petri dishes and allowed to react at 60 °C
to facilitate the formation of chemically crosslinked GCAM hydrogels. A
control gel without GTA, so called GCAM, was prepared using the same
procedure. Scheme S1 shows the schematic illustration of the SMHs
preparation process.

To examine the actuation property of the GCAM7 hydrogels, iron
oxide nanoparticles were incorporated into the hydrogel in a site-s-
pecific manner. In brief, iron oxide nanoparticles were synthesized
following our previous report [32]. Specifically, a defined volume of
GCAM?7 precursor solution was mixed with iron oxide nanoparticles
(0.1 wt%) and then selectively injected into the desired region of the
mold. This procedure generated a localized magnetic domain within the
hydrogel, enabling region-specific actuation under an external magnetic
field.

2.4. Swelling ratio

The swelling ratio of the GCAM samples was determined by
measuring their weights before and after immersion in PBS. In brief, the
dried samples were cut into small rectangular pieces and weighed to
obtain the initial dry weight (Wy). The samples were then soaked in a
container filled with PBS at 37 °C. At various time intervals (5, 10, 15,
and 20 min), samples were removed from the fluid, gently blotted with
filter paper, and swollen weights (W, were immediately measured. The
swelling ratio was calculated using Eq. (1):

W, — Wy
0

Swelling ratio (%) = x 100% (€D)

2.5. In vitro degradation

The rate of in vitro degradation of GCAMs was determined by
measuring the weight loss of the hydrogels after immersion in a PBS
solution at 37 °C in a water bath. The initial weight of hydrogels (Wy)
were determined using a balance. At predetermined time intervals, the
hydrogels were removed from the PBS solution, rinsed thoroughly with
DIW, dried under vacuum, and reweighed (Wy). Weight loss was calcu-
lated as a percentage of the initial weight using Eq. (2):

W

W, —
Weightloss (%) = OT
0

x 100% (2)

2.6. In vitro drug release

The release study was performed on enoxaparin-loaded hydrogels
which were placed in a vial containing 10 mL of PBS solution (pH 7.4) at
37 °C. At predetermined time points, 2 mL of the release medium was
collected and replaced with 2 mL of fresh PBS buffer solution. The
amount of enoxaparin released was determined using a UV-Vis spec-
trophotometer (UV-1800, Shimadzu Corporation, Japan) based on a
colorimetric Toluidine Blue O assay at an absorption wavelength of 530
nm. The cumulative release of enoxaparin was calculated using Eq. (3):

Vox G+ VxYAC
w

Cumulative release (%) = x 100% 3)
where V (mL) is the total volume of PBS used at the beginning of the
experiment. V (mL) is the volume of the medium withdrawn at pre-
determined time. C; (mg/mL) denotes the concentration of enoxaparin
in the release medium at the specified time, while W (mg) refers to the
weight of enoxaparin in the samples.
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2.7. Shape memory behavior

The shape memory behavior of the GCAM hydrogels was evaluated
by measuring the recovery ratio at room temperature. The GCAM7
samples with different shapes were prepared for shape memory testing.
The temporary shape was then fixed by immersing the samples in a 3 wt
% calcium solution. After removal from the calcium ion solution, the
gels were immersed in a 10 wt% bicarbonate solution. The entire pro-
cedure was recorded using a digital camera. To assess the stability of the
temporary shape, the hydrogel samples in their temporary state were
immersed in 10 mM PBS (pH 7.4).

2.8. Self-healing behavior

The self-healing ability of GCAM hydrogels was visually demon-
strated by coloring the samples with contrasting food dyes. Two differ-
ently colored hydrogels were gently placed in contact and allowed to
stabilize for 1 h at room temperature. Photographs were obtained to
document the self-healing process. In addition, the healed GCAM sam-
ples were evaluated by manual stretching and mechanical testing to
assess their mechanical integrity.

2.9. Hemolysis test

The hemocompatibility of the hydrogels was assessed following
established protocols [14]. Rabbit whole blood, anticoagulated with
sodium citrate, was centrifuged at 3000 rpm for 15 min to isolate red
blood cells (RBCs). The RBCs were rinsed twice with PBS to remove
residual plasma and then diluted with PBS to obtain a 5% (v/v) RBC
suspension. A suspension was prepared by adding diluted RBCs to a
mixture of the hydrogel sample and PBS (pH 7.4) to achieve a final RBC
concentration of 2% (v/v). Triton X-100 (1.0%) was used as a positive
control, while PBS served as a negative control. The samples were
incubated at 37 °C with mild shaking for 24 h, followed by centrifuga-
tion (3000 rpm for 15 min) to separate the supernatant. The absorbance
of the supernatant was measured at 540 nm using a UV-Vis spectro-
photometer, and the hemolysis ratio was calculated using Equation (4):

ODsample - ODnegative

————————— x 100% 4
ODpositive - ODnegative

Hemolysis ratio (%) =

2.10. Chorioallantoic membrane assay

The biocompatibility of the hydrogels was evaluated using an in ovo
chorioallantoic membrane (CAM) assay on chick embryos. On day O,
fertilized eggs were placed in an incubator at 37 °C and 55% humidity.
On day 10 of incubation, the GCAM7 hydrogel was applied to the CAM
of chick embryos. The eggs were covered with sterilized parafilm and
secured with adhesive tape to maintain a sterile environment. On day
17, the eggs were opened and photographs of the hydrogel samples on
the chick embryos were taken.

2.11. Invitro cell viability and live/dead cell imaging

For the cell viability test, mouse vascular endothelial cells (SVECs)
were cultured in Dulbecco's modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum and 1% penicillin/streptomycin at
37 °Cin a humidified atmosphere containing 5% COs. Cells were seeded
in 96-well plates, with each well containing 100 uL of cell suspension at
a density of 8 x 10° cells. Once attached, the cells were exposed to
varying concentrations of the hydrogel and incubated at 37 °C for 24 h.
After incubation, the medium was removed and cell viability was
assessed using the MTT assay, a widely recognized method for this
purpose. Optical density readings from the MTT assay provided insights
into the cellular response to the hydrogel. Additionally, the LIVE/DEAD
assay was conducted as a complementary approach to visually confirm
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cell viability.
3. Results and discussion
3.1. Characterization of SMHs

The stacked FTIR spectra of the GCAM hydrogels are shown in
Fig. 1A, including non-crosslinked GCAM and GCAM hydrogels cross-
linked with GTA at various concentrations. The FTIR spectra of the
GCAM samples reveal a broad trough around the wavenumber of 3262
em™}, indicative of O-H and N-H stretching vibrations associated with
the functional groups in the polymeric components of the gel. Addi-
tionally, the absorption bands at 1537 and 1069 cm ™! correspond to
N-H bending and C-O stretching, respectively [33]. In comparison with
the non-crosslinked GCAM, crosslinked hydrogels exhibited a decreased
transmittance band near 1633 cm ™!, which can be assigned to C=N
stretching vibration associated with imine bond formation, overlapping
with the C=0 stretching vibration. These spectral changes confirmed
the crosslinking of the GCAM gels by GTA.

Analysis of the XRD patterns of the pristine MMT and GCAM7
hydrogels provides valuable insights into their crystalline and amor-
phous states [34]. The XRD patterns of MMT and GCAM7 are shown in
Fig. 1B. As expected, pristine MMT displayed prominent characteristic
crystalline peaks at 6.9°, 14.1°, 18.8°, and 28.5° [35]. In contrast, the
GCAM7 hydrogels showed broad peak at 22.1°, indicating the amor-
phous nature of the prepared GCAM7 hydrogel. The wide amorphous
halo suggests that the biopolymers blended well. Notably, the charac-
teristic MMT peak at 6.9° (20), corresponding to its basal (0 0 1)
reflection, was no longer observed in the GCAM?7 hydrogel. This
disappearance suggests that the polymers were intercalated into the
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MMT galleries or even partially exfoliated, indicating that the layered
structure of the nanoclay was largely disrupted and the clay platelets
were well dispersed within the hydrogel matrix.

3.2. Surface properties

The surface and cross-sectional morphology of the GCAMs were
analyzed using SEM. The morphology of the original GCAM?7 top surface
was distinctly different from its temporary form, likely because incu-
bation in a calcium solution induced ionic crosslinking between SA
chains, forming an “egg-box” structure and promoting gel network sta-
bilization. Interestingly, when temporarily fixed GCAM7 were subse-
quently incubated with bicarbonate ions, it returned to its original
shape, as confirmed by smooth surface property (Fig. 1C).

3.3. Swelling ratio

The swelling ratio is a crucial parameter in the application of
hydrogels in biomedical fields, as it determines their ability to absorb
fluids and exchange nutrients and waste [36]. The swelling capacity and
stiffness of hydrogels are influenced by hydrophilicity, polymer in-
teractions, and crosslink density. Fig. 2A and B show the swelling ratios
of the hydrogels. All three GCAM gels nearly reached a plateau within
20 min, indicating their high hydrophilicity and rapid swelling in
aqueous environments. Furthermore, hydrogels containing crosslinkers
exhibited greater swelling compared to those without crosslinkers, with
swelling increasing as GTA content increased (285.4 + 3.4% and 324.1
+ 22.4%, respectively). As shown in Fig. 2A, the non-crosslinked GCAM
hydrogel began to exhibit minimal cracking after 5 min, which pro-
gressed to significant rupture after 20 min. In contrast, the other two

(C)

GCAM7

Ca?*

GCAM7

Fig. 1. (A) FTIR spectra of GCAM hydrogels. (B) XRD spectra of GCAM7 and MMT. (C) Surface properties of the GCAM7 hydrogels were investigated using SEM.
Calcium and bicarbonate ions were used to fix the temporary shape and trigger the shape recovery of the GCAM7. Scale bar: 20 um.



H. Huong et al.

(A)

GCAM

GCAM4
BT
{

L

(C) GCAM GCAM4 GCAM7

Materials & Design 264 (2026) 115736

—

B)

~ 400~

GCAM mEa GCAM4 ma GCAM7

300+

200+

Swelling ratio (%

g

1
AN
AN
AMMMMMTNN.-..
AMMMIITESG.-.

5 10 15 20
Time (min)

(D)
— 100
X -
< o °®
0 754 o "
73 s °
2 o °

50
£ ¢ . GCAM
2 2 ° ® GCAM4
s

4] o ®
X ® GCAM7
O‘P L] L] L] T L] T 1
0 10 20 30 40 50 60 70
Time (Days)

Fig. 2. Swelling behavior of SMHs. (A) Swelling photographs of the different GCAM hydrogels as a function of time. (B) Swelling ratio graph of GCAM hydrogels. (C)
SEM images of swollen GCAM hydrogels. (D) In vitro degradation study of the GCAM hydrogels.

samples (GCAM4 and GCAM7), which contained crosslinkers, main-
tained their shape and structural integrity without bending or cracking.
The abundant amine and hydroxyl groups on the GE and CS backbones
create highly probable sites for strong water affinity [37]. In the cross-
linked samples, GTA crosslinked with other components decreased the
number of functionalities and established a firm three-dimensional
framework, which increased the stability and endurance of the hydro-
gels towards swelling response. Moreover, a higher swelling ratio in-
dicates a better absorption capacity [38]. Regarding the shape change
performance, this feature provides hydrogels with interesting proper-
ties, as they can ingest a large volume of liquid and expand their size
quickly when soaked in an aqueous environment, which in turn sup-
plements a repulsion force for the enlargement of the shape memory
hydrogel.

Fig. 2C illustrates the cross-sectional morphology of the GCAM
hydrogels swollen in PBS, highlighting the expansion of the pore volume
and its dependence on crosslinking ratio. SEM images revealed that all
hydrogels exhibited a porous sponge-like structure. Notably, the cross-
linked hydrogels exhibited a more homogeneous and intact pore archi-
tecture, in contrast to the uneven and fractured pores observed in the
non-crosslinked sample.

Water retention capacity is influenced by several factors, including
hydrophilic groups, chain flexibility, crosslinking density, and structural
integrity. When a hydrogel absorbs water and swells, internal forces
develop in the gel network. If the network cannot withstand these forces,
water diffuses out. However, with sufficient crosslinking, the gel
retained water within its structure. This mechanism likely explains the
trend observed among the hydrogels. Additionally, the inclusion of
crosslinkers improved the mechanical properties of the hydrogels,
providing greater structural stability and resistance to pore deformation
in the swollen state.

3.4. Invitro degradation

Hydrolytic degradation is an essential consideration for the use of
hydrogels in biomedical applications. This process involves the break-
down of hydrogel polymer chains through hydrolysis [39]. Hydrolytic
degradation is a desirable feature for some applications, as it can lead to
the controlled release of encapsulated drugs or growth factors or the
gradual erosion of the hydrogel matrix to facilitate tissue regeneration
[40]. In addition, it can reveal a limitation in the long-term stability of
the hydrogels. Fig. 2D shows the weight loss curve of the shape memory
hydrogels after 60 days of incubation in PBS (pH 7.4) at 37 °C. Under
these conditions, an initial weight loss due to the degradation of the
GCAM hydrogels was observed. The hydrogels exhibited a gradual
deterioration rate, starting in the first week. Notably, GCAM4 and
GCAM7 showed slower degradation than GCAM hydrogels. It is note-
worthy that GCAM7 showed only around 14.1 + 0.3% weight loss on
day 20. This suggests that an increase in the crosslinking density
controlled hydrogel degradation, which agrees with previously reported
crosslinked hydrogels [41,42]. Subsequently, a notable increase in the in
vitro degradation rate was observed in GCAM7, with a weight loss of
85.4 + 2.1% by day 60. Although the degradation rate of the gel
increased significantly over time, GCAM?7 still exhibited excellent sta-
bility and biodegradability for biomedical applications. The enhanced
stability of GCAM?7 is attributed to the inter- and intramolecular cross-
linking between CS and GE [43,44]. This combination leverages the
biocompatibility of both polymers while optimizing their mechanical
properties and degradation rates. Additionally, the reinforcement of
MMT likely contributed to the stability of the hydrogel under in vitro
conditions.

3.5. Mechanical properties

To understand how crosslinking affects the mechanical behavior of
the hydrogel, we measured the compression property of GCAMs, as
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shown in Fig. S1. According to the compression test results, all GCAM
hydrogels exhibited large deformations under low stress, demonstrating
soft tissue-like properties. Additionally, as the concentration of the
crosslinker increased, a low modulus was maintained up to 70% strain
without failure. This result highlighted the hydrogel’s high water
retention capacity and its ability to crosslink and build up a stable
network structure. These findings are consistent with the results of the
investigation of the swelling properties. This indicates a clear correla-
tion between the crosslinking density and the mechanical properties of
the system. The crosslinking density needs to be sufficient to enhance
the hydrogel's stability; however, an excessively high crosslinking den-
sity may reduce the flexibility of polymer chains, impairing the mate-
rial’s ability to absorb and distribute stress, which ultimately makes the
hydrogel more brittle [45,46].

3.6. Self-healing behavior

The self-healing behavior of hydrogels is a highly desirable property
that can extend their practical applications across multiple domains
[47-49]. In this study, we examined the self-healing behavior of a GCAM
hydrogel and found that it displayed outstanding self-healing properties
(Fig. 3Ai and Fig. S2). GCAM hydrogels stained in different colors
seamlessly re-adhered and healed rapidly upon contact at room
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temperature for 1 h, highlighting their excellent self-healing properties.
Magnified images indicated a color-blended section at the contact sur-
face, demonstrating the self-healing performance of the different
hydrogel pieces. Hydrogen bonding interaction and dynamic covalent
imine bonds play a critical role in the self-healing process, whereas re-
sidual functional groups in the matrices strengthen the binding dy-
namics, facilitating the re-adhesion and healing [45].

To validate the restoration of the original mechanical properties of
the hydrogel, we manually assessed the strength of the healed hydrogels
after re-adhesion (Fig. 3Aii). This assessment involved applying lifting,
stretching along longitudinal axis of the testing specimens. The gel
retained its stability, exhibiting no signs of fracturing over time. Inter-
estingly, upon manual stretching, the gel demonstrated exceptional
elasticity without breaking at the scar section, thereby confirming the
robust self-healing behavior of the GCAM system (Fig. S2B). To further
explore the exceptional flexibility and self-healing capabilities of
GCAMs, hydrogel blocks stained with different colors were arranged
alternately and brought into contact to initiate self-healing (Fig. S2A).
After healing, the GCAM row forms a cohesive structure in tandem.
When pulled horizontally, the self-healing row demonstrated remark-
able structural integrity.

The SMH developed by our group also demonstrated enhanced
properties, such as electrical conductivity and flexible wearability. The

Before self-healing
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Fig. 3. Self-healing properties of GCAM hydrogels. (A) Photographs showing self-healing in GCAM hydrogels of different colors and shapes, including sphere and
strip forms. When placed in close contact, the hydrogels spontaneously self-healed after 1 h, demonstrating the effective interactions between the sections. The healed
hydrogels withstood stretching, thereby highlighting their flexibility and mechanical strength. (B) Real-time conductivity measurements of self-healing GCAM
hydrogels. (C) Adhesion performance of GCAM hydrogels on human skin and elbow during exercise. The hydrogels adhered securely but peeled off cleanly, leaving

no residues on the skin.
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incorporation of these attributes has broadened the application potential
of the GCAM system. As shown in Fig. 3B, two differently colored GCAM
samples were initially separated; however, after a physical contact for a
short period (30 min), they displayed self-bonding. The bonding
strength was confirmed through a tweezer test, which revealed that the
fused hydrogel samples held together robustly. To validate the func-
tional recovery of the material, we set up a conductivity test using a
power source and a light bulb. The results showed that the light bulb was
illuminated, indicating that the GCAM hydrogel reconnected after the
self-healing process, thereby completing the circuit. In contrast, cutting
the healed hydrogel in half broke the circuit and the light went out and
vice versa.

Additionally, we evaluated the adhesion properties of the GCAM
hydrogel when applied to the human skin (Fig. 3C). The hydrogel
sample exhibited excellent adhesion and elasticity, conforming well to
arm movement. After being completely peeled off, no residue remained,
highlighting its durability and convenience for skin applications. Our
results suggest that this hydrogel has tremendous potential for various
applications, including drug delivery, motion sensors, and tissue
engineering.

3.7. Mechanical and electrical properties

To further elucidate the robustness of the self-healing function, the
mechanical and electrical properties of GCAM7 were evaluated before
and after healing. A quantitative assessment of self-healed SMHs based
on tensile tests comparing the mechanical properties of the original and
self-healed GCAM7 hydrogels was shown in Fig. 4. The pristine hydrogel
exhibited a fracture stress of 232 kPa, whereas the healed sample (after
1 h of autonomous healing) reached 210 kPa before breaking. The high
retention of tensile strength demonstrates that the hydrogel effectively
reconstructed its load-bearing polymer network following mechanical
damage, which is attributed to the dynamic and reversible bonds within
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the hydrogel matrix that allow the fracture to reconnect and restore
mechanical integrity. The self-healed samples retained approximately
90% of the original tensile strength and 58% of the original fracture
strain, demonstrating effective recovery of mechanical integrity after
damage (Fig. 4A-C). Furthermore, electrical conductivity of the GCAM7
hydrogels before and after self-healing, we performed quantitative
electrical conductivity measurements using a standard two-probe setup
[50]. These measurements further confirmed the functional recovery of
the GCAM7 hydrogel after self-healing. The original, undamaged
hydrogel showed a conductivity of 0.165 S/m, whereas the self-healed
sample exhibited a conductivity of 0.155 S/m (Fig. 4D, Fig. S3). This
result demonstrates that the reconstructed network effectively restores
conductive pathways, enabling stable electrical performance even after
mechanical damage.

As shown in the SEM micrographs (Fig. S4), the boundary between
the two previously separated fragments is no longer visible after healing,
and the porous network becomes fully continuous across the interface.
This morphological continuity indicated that polymer chains from both
sides interpenetrated and reconstructed the microstructure following
damage, providing visual evidence for the proposed self-healing
mechanism. Together, these mechanical, electrical, and morphological
results demonstrated that GCAM7 can effectively recover a continuous,
functional network after damage, supporting its use in reusable or
long-lasting soft devices.

3.8. Shape memory behavior

The shape memory behavior of hydrogels has gained significant in-
terest in biomedical applications owing to its ability to mimic natural
tissue deformation and recover its original shape. In this study, we
demonstrated the shape memory behavior of hydrogels of various
shapes. First, we evaluated the shape memory behavior of the stent-like
shaped crosslinked GCAM and found that it exhibited satisfactory shape
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Fig. 4. Mechanical and electrical properties of self-healed GCAM7 hydrogels. (A) Photographs showing tensile testing of self-healed samples. (B) Stress-strain curves
of pristine and self-healed hydrogels. (C) Tensile strength of original and healed samples, indicating high retention of mechanical properties after 1 h of self-healing.
(D) Electrical conductivity of original and healed hydrogels, showing minimal loss of conductivity after healing.
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memory behavior (Fig. 5A). The shape memory property of stents is
crucial for biomedical applications because it enables the stent to adapt
to the shape of the blood vessel, leading to a better treatment outcome
(Scheme S2). In conclusion, our study highlights the potential of
hydrogels for developing innovative stents for biomedical applications,
thereby contributing to the advancement of biomedical engineering.
To further evaluate the shape memory properties of the GCAMs,
hydrogels with various shapes (ring, flowers, star, and umbrella) were
prepared, and their shape recovery behavior was examined (Fig. 5B, C,
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and D). For instance, the original flower-like hydrogel was folded into a
tight square and fixed in a 3 wt% calcium solution to obtain a temporary
morphology. Here, the alginate chains complexed with calcium cations,
where they were sandwiched between two alginate molecules to form an
“egg-box” structure, inducing calcium alginate gelation and retaining
the temporary shape. Subsequently, the square hydrogel was transferred
to 10 wt% bicarbonate solution at room temperature, where ion ex-
change weakened the calcium ion-alginate coordination and disrupted
the “egg-box” structure. As a result, the hydrogel rapidly lost its square
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Fig. 5. Shape memory performance of GCAMs. (A) Stent-like shaped sample. (B) The prepared GCAMs samples with different shapes. The specimens were pro-
grammed to temporary shape by immersing in a 3 wt% calcium ion solution. The temporary shape was then removed and immersed in a 10 wt% bicarbonate solution
to restore its original shape. (C) Shape recovery times for different shapes. (D) Time-dependent shape recovery of six-petal flower-shaped GCAM7 hydrogels in
different buffer solutions. (E) Shape memory and actuation properties of the GCAM hydrogels. Site-specific programming of a single petal enables actuation in
response to a magnet. (F) Shape memory and recovery of GCAM hydrogels after placing 10 g load.
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shape and recovered its original configuration.

To illustrate the shape memory capability of the hydrogel sample, a
schematic illustration of the temporary crosslinking and shape-recovery
mechanisms of the SMHs is shown in Scheme 1. When GCAM, initially
fixed in shape using calcium ions, an “egg-box” structure forms, estab-
lishing a secondary crosslinked network following GTA crosslinking.
This temporary network stabilizes the shape of the hydrogel. Upon im-
mersion in a NaHCOg solution, bicarbonate ions have a strong affinity
for calcium, forming Ca(HCO3),, which may further convert to CaCO3
precipitates, disrupting the "egg-box" structure, allowing the hydrogels
to recover their original shapes.

Actuation experiments were conducted to evaluate the potential of
the GCAMs as soft magnetic actuators. As depicted in Fig. 5E, a flower-
shaped hydrogel with five petals was prepared, with iron oxide nano-
particles site-specifically loaded on one side of each petal, whereas the
other side remained nanoparticle-free. When a magnet was brought
close to the hydrogel, the nanoparticle-loaded sides of the petals
exhibited strong attraction, demonstrating the soft magnetic actuation
capabilities of the material.

To confirm the robust physical and mechanical properties of these
shape memory materials, additional experiments were performed under
weight-restrained recovery conditions. Interestingly, the hydrogel
recovered its shape when subjected to a moderate weight of 10 g, as
shown in Fig. 5F. The result highlights the remarkable ion-responsive
shape memory behavior, underscoring its potential for applications
such as biodegradable stents.

3.9. Shape memory behavior in different buffer solutions

To elucidate the ion-responsive shape memory behavior of GCAM7,
shape fixity and recovery were evaluated for a six-petal flower-shaped
sample in different solutions. The shape fixity ratio and shape recovery
ratio were determined by monitoring changes in the projected area
during the fixing and unfolding processes. The sample exhibited an
excellent shape fixity ratio of approximately 100% and showed rapid
shape recovery in 10 wt% bicarbonate solution, achieving about 52%
recovery at ~30 s, over 90% recovery at 45 s, and nearly complete re-
covery to its original shape at 50 s (Fig. S5). In contrast, when the cal-
cium ion-programmed hydrogel was immersed in PBS, no shape
recovery was observed, and the temporary configuration was fully
retained over the entire observation period.

Original shape

Programming shape
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3.10. Drug release studies

The dual-network structure in the GCAM hydrogels was hypothe-
sized to enable sustained release of the therapeutic agent. Enoxaparin, a
commonly used anticoagulant for preventing thrombosis and clot for-
mation in stents, was encapsulated in the hydrogels. The release profiles
of the GCAM hydrogels showed sustained release of enoxaparin
(Fig. 6A). In particular, the extent of drug release depended on the
hydrogel crosslinking ratio. GCAM without any crosslinking exhibited a
somewhat faster drug release compared to the crosslinked formulations,
GCAM4 and GCAMY7. As expected, GCAM7 demonstrated a more sus-
tained release profile than other formulations, with a cumulative release
of 91.6 + 5.4% after 14 days.

Release kinetic models were applied to all three hydrogel samples to
investigate the drug release mechanisms (Table S1). The kinetic analysis
revealed that the release profiles for all three hydrogels were best fitted
to the zero-order kinetic model. This indicates that the enoxaparin was
released at a nearly constant and continuous rate over a defined period,
independent of the total amount of the drug remaining. Furthermore,
utilizing the Korsmeyer-Peppas model, the regression exponent n for the
GCAM sample corresponded to a value of 0.37, suggesting that the
primary driving force of the release process was diffusion. Meanwhile,
the GCAM4 sample, with an n value of 0.51, indicated the onset of a
hybrid mechanism involving polymer chain relaxation. However, as the
crosslinking density increased, this hybridity appeared to diminish. The
emergence of this hybrid mechanism in the release process aligns with
the extension of polymer chains in solution, as evidenced by the swelling
ratio results of GCAM4 and GCAM?7 relative to GCAM. For GCAM7, the
combination of higher crosslinking density and a more uniform porous
structure implies that polymer chain relaxation is no longer the domi-
nant contributor to release; instead, the stable pore network provides
pathways that are more favorable for diffusion-controlled transport.

3.11. Hemolysis assay

Hemocompatibility is crucial for the safe use of biomaterials that
come in contact with blood, and the in vitro hemolysis assay is the most
common method to evaluate hemocompatibility. As shown in Fig. 6B,
the vial containing GCAM7 displayed a color similar to the negative
control, whereas the positive control presented a bright red color,
indicating hemolytic activity. The GCAM7 hydrogel exhibited a hemo-
lysis ratio of less than 3%, indicating good hemocompatibility. This
finding supports the potential of the hydrogel as a safe material for

Recovered shape
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Alginate Covalent bond Egg-box

Scheme 1. Schematic illustration of temporary crosslinking and shape recovery mechanisms of SMHs.
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biomedical applications, especially for blood-contacting purposes.

3.12. CAM assay

The CAM assay is a valuable tool for assessing biocompatibility and
potential therapeutic effects of novel biomaterials, particularly those
intended for use in tissue engineering and regenerative medicine. The
CAM assay was performed by implanting the materials onto the
chorioallantoic membrane and monitoring chick embryo health and
survival, as well as changes in vascularization surrounding the implan-
tation site. Preliminary result indicated that the hydrogel did not induce
obvious anomalies or inflammation at the implantation site (Fig. 6C),
suggesting acceptable biocompatibility under the tested conditions.

3.13. Biocompatibility of GCAMs on SVECs

Our research focused on biosafety evaluation of the GCAM hydrogel,
specifically its biocompatibility, which is essential because of its direct
contact with damaged vessels and injured tissues. We used to simulate
cellular interactions that are typical of clinical applications. As shown in
Fig. 6D, a slight decline in cell survival was observed when cells were
cultured with varying hydrogel concentrations. Notably, SVECs showed
a gradual reduction in viability as the GCAM hydrogel concentration
increased. However, even at 80 pg/mL, SVECs maintained viability
above 80%, demonstrating considerable biocompatibility. The LIVE/
DEAD assay results further supported these findings, showing minimal
cell death across different concentrations and cell types as well as
healthy cellular proliferation (Fig. 6E).

After establishing the individual physicochemical and biological
properties of the shape memory hydrogels, we next integrated these
metrics into a comparative radar plot that benchmarks our GCAM7
hydrogel against representative recently reported systems, enabling a
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concise visualization of its overall performance advantage [51-54]
(Fig. S6). Across six normalized metrics, including shape fixity, final
shape recovery ratio, recovery time, tensile strength, self-healing effi-
ciency, and adhesive strength or electrical conductivity, GCAM7 oc-
cupies a larger area than the reference systems, indicating a more
balanced combination of rapid and nearly complete shape recovery,
robust mechanics, and additional functional properties. This integrated
comparison highlights the competitive advantages of GCAM7 as a ver-
satile hydrogel platform. Literature systems often prioritize one or two
functions, such as high toughness, strong tissue adhesion, or electrical
conductivity, but typically exhibit slower recovery, limited program-
mability, or rely on synthetic matrices and complex chemistries. In
contrast, GCAM7 achieves nearly complete shape recovery within tens
of seconds even for complex flower-like geometries, maintains high
tensile strength and electrical conductivity after self-healing, and ad-
heres strongly to wet tissues. This integrated balance of speed, stability,
and multifunctionality suggests that GCAM?7 is particularly well suited
for minimally invasive, bioresorbable devices where reliable actuation,
structural endurance, and local therapeutic functions must operate
simultaneously.

4. Conclusions

In summary, we successfully developed a novel SMH using natural
materials, including chitosan, gelatin, alginic acid, and montmorillonite,
which showed exceptional multifunctionality for biomedical applica-
tions. The SMH demonstrated outstanding shape-shifting capabilities,
which could be precisely tuned by modulating environmental ion con-
centrations under physiological conditions. With rapid shape fixation
and recovery, the hydrogel proved to be highly versatile for dynamic
and responsive applications. The reversible functional properties of the
hydrogel after self-healing highlight its durability and adaptability,
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ensuring prolonged usability in demanding biomedical environments.
Additionally, the material exhibited excellent biocompatibility, biode-
gradability, and sustained drug release capabilities. These synergistic
attributes make SMH an excellent candidate for advanced biomedical
applications. By combining tunable mechanical properties, sustained
therapeutic efficacy, and biocompatibility, this study lays a strong
foundation for the development of next generation hydrogel-based so-
lutions in regenerative medicine and therapeutic interventions.
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