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Fully Degradable Protein Gels with Superior Mechanical
Properties and Durability: Regulation of Hydrogen Bond
Donors

Yunfeng Li, Zhihui Qin,* Ping He, Muqing Si, Linfang Zhu, Na Li, Xiaojiao Shi,
Guanqiu Hao, Tifeng Jiao,* and Ximin He*

Protein gels hold great promise in various applications due to their high
biocompatibility, biodegradability, and abundant sources. However, most
existing protein gels suffer from low strength, stiffness, and toughness
because conventional solvent within gels usually weakens crosslinked
network structure. Here, strong, stiff, and tough protein gels are developed by
using deep eutectic solvents (DESs) with tunable hydrogen bond donors
(HBDs) as the dispersion medium. The DESs not only facilitate protein
chain–chain interaction, but also form abundant non-covalent crosslinks
between protein chains through protein chain–solvent interaction. More
importantly, these crosslinked interactions can be tailored by varying HBDs,
further toughening the gels. As a result, the obtained protein gels exhibit
excellent mechanical properties, including tensile strength of
10.25 ± 1.28 MPa, tensile strain of 892.51 ± 39.66%, elastic modulus of
24.57 ± 0.27 MPa, toughness of 17.34 ± 0.46 MJ m−3, and fracture energy of
6.76 ± 0.99 kJ m−2, which surpass the previously reported protein gels.
Despite their enhanced mechanics, they retain key advantages such as
adhesiveness, retrievability, environmental durability, and full degradability.
This work presents a novel strategy for designing robust, multifunctional
protein gels, expanding their potential in emerging technologies that demand
both mechanical toughness and functional versatility.
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1. Introduction

Protein-based gels, as biomimetic soft-wet
materials composed of solvents embedded
within three-dimensional polymer net-
work, have attracted considerable attention
due to their intrinsic advantages including
high biocompatibility, regulable degrad-
ability, sustainability, as well as multiple
reactive sites for functionalization.[1–3]

These features make them promising
candidates for applications in diverse ap-
plications such as tissue engineering,[4,5]

flexible electronics,[6,7] and soft robotics.[8,9]

However, most protein gels are derived
from unstructured proteins and suffer
from weak mechanical performance—
characterized by low stiff, insufficient
strength, and poor toughness, owing to the
loosely organized and single crosslinking
network.[10,11] This seriously hinders their
applicability in load-bearing materials,
which usually requires the ability to with-
stand repetitive and largemechanical forces
under complex conditions. Additionally,
in many cases, protein gels also need to
have further properties, such as environ-
mental stability (anti-freezing), fracture

resistance and adhesiveness, to perform effectively under critical
conditions. Therefore, the development of mechanically robust,
stiff, tough, and multifunctional protein-based gels is greatly im-
perative.
Leveraging the abundant functional groups in proteins that

serve as non-covalent bonding sites, significant efforts have
been made to strengthen and toughen protein gels by regulat-
ing non-covalent associations between protein chains, includ-
ing hydrophobic aggregation,[12,13] ionic bonds,[14] and hydro-
gen bonds.[15,16] For example, Zhao et al. utilized ZnSO4 solu-
tion to induce metal coordination and hydrophobic interactions
in covalently crosslinked elastin-like polypeptides, resulting in
a tough protein gel with tensile strength of 2.5 MPa.[17] Simi-
larly, our previous work reported a gelatin protein gel with im-
proved tensile strength (3.0 MPa) by soaking gelatin hydrogel
into a sodium citrate (Na3Cit) water/glycerol solution to induce
hydrophobic aggregation, hydrogen bond and ionic crosslinking
of gelatin chains.[18] Comparable strategies have been applied to
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facilitate the non-covalent crosslinking of gelatin chains, improv-
ing the mechanical performance.[19–21] However, these reported
protein gels exhibited limited mechanical improvements (elas-
tic modulus < 0.5 MPa, tensile strength < 5 MPa, fracture en-
ergy < 1 kJ m−2). In fact, current research on toughening pro-
tein gels mainly focuses on regulating interactions between pro-
tein chains to dissipate energy or distribute stress in gel networks
during deformation.[22,23] Solvents, as the dispersionmedium oc-
cupying a large part (usually >50 wt%) of gels, are generally ig-
nored or regarded as a factor that deteriorates the mechanics of
the gels by blocking protein chain–chain interactions.[24] Solvent
molecules (e.g., water, DMSO) are typically small with few func-
tional groups, allowing them to bond with only one protein chain
rather than bridging multiple chains. As a result, protein chain–
solvent interaction distances the protein chains and weaken the
network, and the limited number of crosslinking points within
gel networks makes it difficult to obtain protein gels that simul-
taneously exhibit high stiffness, strength, and toughness. As sol-
vents constitute the majority of protein gels, if solvent molecules
could bridge different protein chains through forming protein
chain–solvent interaction, the mechanical performance could be
significantly enhanced.
Deep eutectic solvents (DESs) are a class of liquid-state mix-

ture of hydrogen bond acceptors (HBAs, e.g., quaternary am-
monium salts) and hydrogen bond donors (HBDs, e.g., amide,
carboxylic acid, or polyol) formed under strong hydrogen bond-
ing and electrostatic forces between two components. DESs pos-
sess the merits of low vapor pressure, low freezing point, good
conductivity, and non-toxicity.[25,26] Particularly, in DESs contain-
ing polyol-based HBDs, abundant hydroxyl groups offermultiple
bonding sites to form hydrogen bonds with functional groups
(such as –OH, –O, –NH2) present in protein chains. Therefore,
DESs are emerging as a promisingmedium for constructing gels
(denoted as eutectogels) with high stability and environment-
tolerance. Recently, protein gels with high ductility and good anti-
freezing performances have been prepared by directly introduc-
ing DESs into protein network.[27–29] However, these works are
mainly focused on utilizing DESs as solvent to improve stabil-
ity of the gels or exploiting weak compatibility of DESs with pro-
tein to increase interactions between protein chains to strengthen
the resulted gels. The presence of abundant solvents, which was
not utilized as effective crosslinking for protein chains, leading
to a loosely crosslinked network. As a result, the reported protein
gels with DESs as solvent rarely achieved a combination of high
stiffness, strength, and toughness. Thus, we hypothesize that the
DESs can induce the enhancement of interactions between pro-
tein chains while multiple hydroxyl groups in DESs can form hy-
drogen bonds with functional groups on different protein chains
to bridge protein chains by the reasonable regulation and opti-
mization of components, achieving simultaneous enhancement
in protein chain-chain and protein chain–solvent interactions for
strengthening and toughening the gel.
Here, we demonstrate the synergy effect of the enhanced pro-

tein chain–chain and protein chain–solvent interactions by using
DESswith tunableHBDs as solvent to regulate and crosslink pro-
tein chains for greatly improving the mechanical performance of
protein gels. Following this design concept, we report the fab-
rication of a robust, stiff and tough protein gel based on low-
cost and easy-operated gelatin protein. In our system, the DESs

not only strengthen the gelatin chain–chain interactions, but
also form abundant and strong noncovalent crosslinks between
gelatin chains at optimized concentration. In particular, HBDs
with varying number of hydroxyl groups effectively modulate hy-
drogen bonds between DESs and gelatin chains, further tough-
ening mechanics of the gel. The obtained protein gels (named as
gelatin eutectogels) possess high strength, stiffness and tough-
ness, and insensitivity to crack propagation. Moreover, these gels
also exhibit excellent anti-freezing ability, adhesiveness and recy-
clability, as well as full degradability. Suchmultifunctional, strong
and tough protein gel holds great potential in cutting-edge appli-
cations including artificial tissues, soft robotics, and stretchable
electronics.

2. Results and Discussion

2.1. Fabrication of Strong, Stiff, and Tough Gelatin Eutectogels

A series of DESs with different HBDs were used to regulate
protein chain–chain and chain–solvent interactions for simul-
taneously strengthening and toughening protein gels. Choline
chloride (ChCl) was chosen as the HBA due to its natural ori-
gin, excellent biocompatibility, low toxicity, and its ability to
form DESs with various polyols.[25] These DESs were synthe-
sized by mixing ChCl with polyols, respectively ethylene glycol
(EG), glycerol (Gly), xylitol, and D-sorbitol, under continuous
stirring at 60 °C to give a uniform solution (Figure S1, Sup-
porting Information), which were named as ChCl-EG, ChCl-
Gly, ChCl-Xylitol, or ChCl-(D-Sorbitol), respectively. The polyols
served as HBDs to associate with ChCl (HBA) via strong hydro-
gen bonds or ion–dipole interactions. For example, the chem-
ical structure and interactions of ChCl-Gly were characterized
by Fourier transform infrared (FT-IR) spectra (Figure S2, Sup-
porting Information). The –OH characteristic peak in ChCl-Gly
shifted to 3310 cm−1 and became broader compared to that of Gly
(3297 cm−1) and ChCl (3217 cm−1) due to hydrogen bonds and
ion–dipole interactions.[30] Then, gelatin protein was selected,
and the obtainedDESswere utilized to fabricate strong and tough
protein gels according to the procedures illustrated in Figure 1a.
First, gelatin powder was fully dissolved in deionized water fol-
lowed by cooling at 4 °C to obtain gelatin hydrogel, where gelatin
chain was crosslinked by forming interchain triple helixes. Next,
a protein gel, referred to as gelatin eutectogel, was obtained by
soaking gelatin hydrogel in DESs for 24 h to replace the wa-
ter. Solvent replacement promoted the non-covalent interactions
between gelatin chains such as hydrogen bonds and ionic in-
teractions. Meanwhile, DES molecules were bonded to polymer
chains and served as interchain molecular bridges to crosslink
the polymer network. The synergy between multiple crosslink-
ing structures of gelatin chain–chain and chain–DESs (such as
hydrogen bonding and ionic interactions) led to form strong
and tough gelatin eutectogels. As shown in the Figure 1b,c, the
highly transparent gelatin15/ChCl-Gly (G15/ChCl-Gly) gel (where
the 15 referred to the initial gelatin mass fraction) could lift 500 g
weight, which was ≈1500 times of its own weight. Notably, such
tunable non-covalent crosslinked network and DESs endowed
these gelatin eutectogels with multiple desirable performances
including high toughness, high stiffness, high strength, superior
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Figure 1. Fabrication and non-covalent interaction mechanism of protein gel (gelatin eutectogel). a) Schematics of preparation process and hydrogen
bond donor (HBD) regulation mechanism of gelatin eutectogel. Four types of DESs with same hydrogen bond acceptor (HBA, ChCl) and different HBDs
(EG, Gly, xylitol, D-Sorbitol). b) Transparency of G15/ChCl-Gly gel. c) Illustration of the high strength of G15/ChCl-Gly gel (50 mm × 10 mm × 0.65 mm)
by withstanding a 500 g weight. d) Versatility of gelatin eutectogel (toughness, strength, stiffness, fracture resistance, adhesion, recycling, anti-freezing
and degradability).

fracture resistance, adhesion, recycling, anti-freezing ability and
degradability (Figure 1d, Table S1, Supporting Information).

2.2. Characterization and Molecular Mechanism of Gelatin
Eutectogels

To reveal the tunable crosslinked interactions and structural evo-
lution of the gelatin eutectogels, a series of characterizationswere

performed. TakingG15/ChCl-Gly gel as an example, thermogravi-
metric analysis (TGA) demonstrated that after 24 h of solvent re-
placement, free water was completely removed, leaving only a
small amount of bound water (Figure S3, Supporting Informa-
tion). As revealed by scanning electron microscopy (SEM) and
the corresponding energy-dispersive spectroscopy (EDS) map-
ping images (Figures 2a, and S4, Supporting Information), com-
pared with the loose porous structure and even C, N, O elements
distribution on gel skeleton of gelatin hydrogel, the obtained

Adv. Mater. 2025, 2506577 © 2025 Wiley-VCH GmbH2506577 (3 of 13)

 15214095, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202506577 by U
niversity O

f C
alifornia, L

os A
ngeles, W

iley O
nline L

ibrary on [05/09/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advmat.de


www.advancedsciencenews.com www.advmat.de

Figure 2. Characterization of gelatin eutectogels. a) EDS mapping images of G15/ChCl-Gly gel. b) FTIR spectra and c) Raman spectra of ChCl-Gly,
gelatin hydrogel and G15/ChCl-Gly gel. d) FT-IR spectra of G15/ChCl-Gly gel during solvent replacement at different soaking times (1, 2, 4, 12, 18, and
24 h). e) 2DCOS synchronous and f) asynchronous spectra generated from (d). In 2DCOS spectra, the red areas represent positive correlation intensity,
while blue areas represent the negative correlation intensity. g) Hydrogen bond interactions between HBDs in different DESs (ChCl-EG, ChCl-Gly, ChCl-
Xylitol, ChCl-(D-Sorbitol)) and gelatin chains. h) FT-IR spectra and the peak fitting curves of different gelatin eutectogels (G15/ChCl-EG, G15/ChCl-Gly,
G15/ChCl-Xylitol, G15/ChCl-(D-Sorbitol)).

G15/ChCl-Gly gel exhibited the denser porous structure, and ex-
cept for the uniformdistribution of C,N,O on gel skeleton, which
are present in both gelatin andDES, the Cl from theDESwas uni-
formly distributed within G15/ChCl-Gly gel. These results sug-
gest that the solvent molecules were intercalated between gelatin
chains and prompted the formation of dense and uniform struc-
ture of G15/ChCl-Gly gel. FT-IR spectroscopy was conducted to
identify interactions inside G15/ChCl-Gly gel (Figure 2b). The
gelatin hydrogel exhibited a characteristic peak of amide I lo-
cated at 1635 cm−1, which is correlated to C =O stretching vibra-
tions of the peptide linkages, and a characteristic peak of amide
II at 1556 cm−1, which is associated with N–H bending. The shift
and change of amide I and II bands are usually correlated to

the change of interactions between gelatin chains.[31,32] After re-
placing water with ChCl-Gly, the peak of amide I blue-shifted to
1647 cm−1, and the peak of amide II red-shifted to 1548 cm−1

in G15/ChCl-Gly gel, indicating the enhanced crosslinked inter-
actions between gelatin chains (such as hydrogen bonds and
ionic interactions) by the addition of DES. Besides, there was
a broad peak in the range of 3000–3700 cm−1 in G15/ChCl-Gly
gel, belonging to the stretching vibration of O–H and N–H. A
peak fitting method was performed on the absorption peak in
the range of 3000–3700 cm−1 (Figure S5, Supporting Informa-
tion). The O–H stretching vibration peak of Gly in G15/ChCl-
Gly gel shifted from 3379 to 3336 cm−1 compared to that of
ChCl-Gly.[33] And the peak at 3212 cm−1 ascribed to the N–H
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stretching vibration in the spectrum of gelatin hydrogel shifted to
3209 cm−1 in the spectrum of G15/ChCl-Gly gel.

[34] These results
evidence that the ChCl-Gly was introduced and the formed hydro-
gen bonds with gelatin chains. The hydrogen bonds of ChCl-Gly
and gelatin chains can also be confirmed by 1H-NMR (Figure S6,
Supporting Information), where the characteristic peak of the ac-
tive hydrogen (hydroxyl groups at terminal positions of glycerol)
at 4.62 ppm in ChCl-Gly moved toward 4.61 ppm in G15/ChCl-
Gly gel and the characteristic peak at 7.95 ppm, corresponding to
the active hydrogen (the amide group) of glycine in gelatin chain,
shifted to 8.36 ppm in G15/ChCl-Gly gel.

[35,36] The interaction be-
tween gelatin and ChCl-Gly was further verified by Raman char-
acterization. As shown in Figure 2c, G15/ChCl-Gly gel had obvi-
ous C–O and C–H stretching peaks, which were due to the in-
crease of hydroxyl groups and alkyl groups with the addition of
ChCl-Gly. The peak of amide A corresponding to the stretching
vibrations of N–H and O–Hwidened and blue-shifted, indicating
an increase in the number of intramolecular and intermolecu-
lar hydrogen bonds among gelation chains and ChCl-Gly.[21,37]

In addition, the absorption peak of amide I slightly shifted to
higher wavenumbers, also evidencing the increase of interac-
tions between gelatin chains. Moreover, wide-angle X-ray scatter-
ing (WAXS) was conducted to investigate the influence of the in-
troduction of DES on chain conformation of gelatin. As shown
in Figure S7, Supporting Information, different from the gelatin
hydrogel with two distinct diffraction peaks located at 8.5° (cor-
responding to the diameter of the triple helix perpendicular to
the chain direction) and 30.4° (corresponding to the distance be-
tween proline in the turns of the polyproline-II-helix single he-
lix), the G15/ChCl-Gly gel only exhibited a prominent diffraction
peak at 19.4° corresponding to the locally ordered arrangements
of the random coiled polypeptide chains formed by hydrogen
bonds,[38,39] whichmay be attributed to the enhanced interactions
between the random coiled chains and the inhibiting effect of
choline chloride in triple helix structures, making the triple-helix
structure less distinct. In summary, the introduction of ChCl-Gly
reinforced hydrogen bonding of unordered gelatin chains and
formed additional crosslinking sites with gelatin chains.
Subsequently, for getting deeper insights into the formation

process of gelatin eutectogels, the weight changes and FT-IR
spectra of G15/ChCl-Gly gels in different soaking times were con-
ducted. As shown in Figure S8, Supporting Information, when
the soaking time increased from 0 to 24 h (with the DESs re-
placed once after 18 h), both the weight and size of the gels grad-
ually decreased. Particularly, the weight of gels exhibited sharp
decrease as the soaking time increased within 4 h. These results
indicate that the rapid solvent diffusion outward occurred in the
gelatin gel, which strengthened the non-covalent interactions be-
tween protein chains inside the gels. However, when the soaking
time further increased to 36 h, the weight of the gels slightly in-
creased, which maybe attribute to the entrance of more ChCl-Gly
into the gel. FT-IR spectra of G15/ChCl-Gly with various soak-
ing times (1, 2, 4, 12, 18, and 24 h) were recorded, as shown in
Figure 2d. The O–H stretching vibrations of free water, bound
water, and Gly were located at 3589, 3452, and 3336 cm−1, re-
spectively. The N–H stretching vibration (𝜈 (N–H)) in the gelatin
chain was observed at 3215 cm−1. The peaks at 2980, 2880, and
1030 cm−1 corresponded to the C–H asymmetrical (𝜈as(C–H))
and symmetrical (𝜈s(C–H)) stretching vibration of –CH3, and the

stretching vibration (𝜈(C–O)) of C–OH inDESs, respectively. And
the peaks at 1635 and 1524 cm−1 corresponded to the stretch-
ing vibration of C = O (𝜈 (C = O)) and the bending vibration of
N–H (𝛿 (N–H)) of gelatin chains, respectively.[40,41] As the soak-
ing time increased, the 𝜈 (O–H) peaks red-shifted and decreased,
while the peaks of the 𝜈as(C–H), 𝜈s(C–H), and 𝜈(C–O) increased,
and the peaks of the amide region blued-shifted and decreased.
Such transition originated from the enhanced crosslinked inter-
actions inside the gelatin gel owing to both the dehydration and
simultaneous increasement of deep eutectic solvent within the
gels. Two-dimensional correlation spectroscopy (2DCOS) was ap-
plied to further extract more subtle information of the hydrogel-
to-eutectogel transition during the soaking process. Synchronous
and asynchronous 2DCOSY spectra were calculated from time-
correlated FT-IR spectra (Figure 2e,f). According to Noda’s judg-
ment rule,[42,43] the response order of different functional groups
to the soaking timewas determined as: 2930 cm−1→2860 cm−1 →
3336 cm−1 →3452 cm−1 → 3215 cm−1 → 3589 cm−1 → 1030 cm−1

→ 1635 cm−1→ 1524 cm−1, that was, 𝜈as(C–H)→ 𝜈s(C–H)→ 𝜈(O–
H)→ 𝜈bound water(O–H)→ 𝜈(N–H)→ 𝜈free water(O–H)→ 𝜈(C–O)→
𝜈(C = O)→ 𝛿 (N–H).
From the combination of weight change and FT-IR analysis,

the formation process of gelatin eutectogel can be described as
follows: When the gelatin hydrogel was soaked in DESs, the wa-
ter molecules in the hydrogel quickly diffused to DESs, while the
DESs simultaneously diffused into the gel, which induced the
transformation of bound water to free water in the gels due to
the strong binding of DESs to water, with the free water then
diffusing out into the environment. The diffusion rate of water
into the environment was greater than that of the DESs into the
gel, leading to dehydration. This process resulted in the enhance-
ment of the interactions between gelatin chains and the forma-
tion of hydrogen bonds between DESs and gelatin chains driven
by the solvent diffusion dynamics.
The HBDs in DESs can build hydrogen bonding with gelatin

chains, providing the effective crosslinking points to increase
the crosslinking density of the eutectogels. Owing to the ad-
justability of HBDs in DESs, the crosslinked interactions be-
tween DESs and gelatin chains in eutectogels were regulated
by changing the HBDs (EG, Gly, xylitol, D-sorbitol) of DESs
(Figure 2g). Specifically, as the number of hydroxyl groups in
HBDs from EG, Gly, and xylitol to D-sorbitol increased, one
HBD provided more hydrogen bond sites, which allowed for
more hydrogen bonding with gelatin chains. More importantly,
polyhydroxyl HBDs had more chances to interact with various
gelatin chains, thus forming effective cross-linking points. The
actual composition of different gelatin eutectogels (G15/ChCl-
EG, G15/ChCl-Gly, G15/ChCl-Xylitol, and G15/ChCl-(D-Sorbitol))
were conducted and calculated based on the weighing and ther-
mogravimetric experiments (Figure S9, Supporting Informa-
tion). The results show that the actual gelatin content increased
when the number of hydroxyl groups in HBDs increased, which
indicates the formation of the denser crosslinked structures, im-
peding the entrance of more DESs into the gel. The changes of
crosslinked structure between gelatin and different DESs were
identified by FT-IR spectra (Figure 2h and Figure S10, Support-
ing Information). After the replacement with various DESs, all
gelatin eutectogels exhibited a broad peak in the range of 3000–
3700 cm−1, corresponding to the stretching vibration of O–H
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Figure 3. Tunable mechanical properties of gelatin eutectogels. a) Typical tensile stress-strain curves and b) the corresponding elastic modulus and
toughness of G/ChCl-Gly gel with different gelatin content (10, 15, and 20 wt%). c) Typical tensile stress–strain curves and d) the corresponding elastic
modulus and toughness of gelatin eutectogels prepared by DESs with different HBDs (G15/ChCl-EG, G15/ChCl-Gly, G15/ChCl-Xylitol, G15/ChCl-(D-
Sorbitol)). e) Ten successive cyclic tensile loading–unloading curves and f) the corresponding dissipated energy and tensile strength of G15/ChCl-Gly
gel. Comparison between the prepared gelatin gels and the reported representative protein gels: g) toughness in relation to tensile strain, h) toughness
in relation to tensile stress, and i) elastic modulus in relation to tensile stress. Data in (b) and (d) are represented as mean values ± SD (n = 3).

and N–H. A peak fitting method was conducted in the range
of 3000–3700 cm−1, where the peak of N–H stretching vibra-
tion was located at 3272–3196 cm−1. With the increase in the
number of hydroxyl groups in HBDs, the corresponding posi-
tion of N–H stretching vibration in gelatin chains shifted from
3272 to 3196 cm−1, suggesting that stronger hydrogen bonds
were formed in gelatin eutectogels containing more hydroxyl
HBDs.[34] The characteristic peaks associated with amide regions
of gelatin were nearly similar for all gelatin eutectogels. In ad-
dition, the chain conformation of the different gelatin eutecto-
gels was investigated by WAXS (Figure S11, Supporting Infor-
mation). It can be seen that the distinct diffraction peak associ-
ated with the locally ordered arrangements of the random coiled
chains gradually moved to a smaller angle with the increase of
the number of hydroxyl groups in HBDs, showing solvents or
small molecules can be inserted between polymer chains to form
hydrogen bonds and occupy space.[44] These results further indi-
cate that hydrogen bonding betweenDESs and gelatin chains can

be regulated by changing HBDs, thus contributing to the tunable
mechanical performance.

2.3. Mechanical Performances of Gelatin Eutectogels

The facile introduction of DESs densifies the network structure
by facilitating the interactions between gelatin chains and form-
ing hydrogen bonds with gelatin chains, inducing the great im-
provement ofmechanical properties of gelatin eutectogels, which
were then systematically investigated. First, a series of G/ChCl-
Gly gels with various initial gelatin content were prepared to
regulate the mechanical properties (Figure 3a,b). The G10/ChCl-
Gly gel with gelatin content of 10 wt% has tensile strength of
1.33 ± 0.08 MPa and elastic modulus of 0.11 ± 0.005 MPa. As
elevating gelatin content from 10 to 20 wt%, the G20/ChCl-Gly
gel was greatly strengthened, with the tensile strength and
elastic modulus increased to 10.25 ± 1.28 and 24.57 ± 0.27 MPa,
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respectively. Meanwhile, the G/ChCl-Gly gel was also sig-
nificantly toughened, with the maximum toughness of
17.34 ± 0.46 MJ m−3 when gelatin content was 15 wt%.
However, further increasing gelatin content would stiffen the
gels at the sacrifice of stretchability, reducing toughness. These
results demonstrate that by modulating the gelatin content, the
G/ChCl-Gly gels exhibit a wide mechanical tunability, ranging
from soft and extensible to tough and highly stretchable, or
even stiff and robust. Especially, the tensile strength, elastic
modulus and toughness of G20/ChCl-Gly gel were 2564%,
61 429%, and 11 230% higher than those of gelatin hydrogel,
respectively (Figure S12, Supporting Information). Apparently,
the significant change in mechanical properties cannot be solely
attributed to increasing strand density. Instead, it results from
the synergistic effect of gelatin chain–chain and chain–solvent
interactions. The DES (ChCl-Gly) can not only induce non-
covalent interactions of gelatin chains but also act as crosslinkers
to bridge gelatin chains by hydrogen bonds, which was verified
by FT-IR, 1H NMR and Raman characterizations (Figure 2a,b
and Figure S6, Supporting Information). The actual gelatin
contents in G10/ChCl-Gly, G15/ChCl-Gly and G20/ChCl-Gly gels
were measured to 24.30, 32.63, and 43.46 wt%, respectively
(Figure S13, Supporting Information). Small-angle X-ray scat-
tering (SAXS) revealed that the interchain distance of gelatin
chains of G10/ChCl-Gly, G15/ChCl-Gly, G20/ChCl-Gly gels were
1.817, 1.807 and 1.726 nm, respectively (Figure S14, Supporting
Information).[45,46] At low gelatin content (low polymer-to-DES
ratio), the density of polymer chains was low and the distance
between the chains was large. Thus, there were fewer crosslink-
ing points between gelatin chains, resulting in softness and
low strength. As the gelatin content increased, the density of
polymer chains increased, while the distance between the chains
decreased. The gelatin chain–chain interactions increased, and
more crosslinking points between gelatin chains bridged by DES
formed, thus improving stiffness, tensile strength and tough-
ness. When the gelatin content further increased, the shortening
of interchain distance enabled the abundant DES-mediated
hydrogen bonds to crosslink gelatin chains, resulting in high
stiffness and tensile strength. However, the excessively high
cross-linking density at high gelatin content reduced the mobil-
ity of gelatin chain segments, decreasing the stretchability.[47]

Thus, the toughness also exhibited a slight decrease.
The HBDs in DESs act as crosslinkers to bridge the poly-

mer chains by hydrogen bonds, which can be regulated by
different amount of hydroxyl groups of HBDs (EG, Gly, xyl-
itol, and (D-sorbitol)) (Figure 2g,h). To study the influence
of HBDs on the mechanical properties of gelatin eutectogels,
four type of the gelatin eutectogels (G15/ChCl-EG, G15/ChCl-
Xylitol, and G15/ChCl-(D-Sorbitol)) were compared by tensile
tests (Figure 3c,d). The mechanical performance of gelatin eu-
tectogels was highly relevant with the composition of DES
solvents. The G15/ChCl-EG gel with two hydroxyl groups in
HBD exhibited relatively weak mechanical properties (tensile
strength of 0.53 ± 0.02 MPa, tensile strain of 544.00 ± 53.35%,
elastic modulus of 0.073 ± 0.002 MPa, and toughness of
1.08 ± 0.12 MJ m−3). As previously proven, due to the forma-
tion of more hydrogen bonding interactions between DESs and
polymer chains with the increase of the number of hydroxyl
groups in HBDs (Figure 2h), the gelatin eutectogels became

stiffer as the functionality of HBDs increased (from G15/ChCl-
EG to G15/ChCl-(D-sorbitol)). The G15/ChCl-(D-sorbitol) gel ex-
hibited increased tensile strength of 6.34 ± 0.76 MPa and elastic
modulus of 3.49 ± 0.35 MPa, respectively, as well as maintain-
ing high toughness of 15.51 ± 1.18 MJ m−3 and tensile strain of
499.00 ± 62.71%. Therefore, the introduction of DESs with vari-
ous HBDs can greatly enhance mechanical properties of the pre-
pared gelatin eutectogels by adjusting hydrogen bonds between
DESs and gelatin chains.
Taken together, the mechanical performance of gelatin eutec-

togels could be simply customized over a wide range by chang-
ing HBDs in DESs and gelatin contents (Table S2, Support-
ing Information), including tensile strength from 0.53 ± 0.02
to 10.25 ± 1.28 MPa, elastic modulus from 0.073 ± 0.002
to 24.57 ± 0.27 MPa, tensile strain from 200.80 ± 44.88
to 892.51 ± 39.66%, and toughness from 1.08 ± 0.12 to
17.34 ± 0.46 MJ m−3. The mechanical properties of these gelatin
eutectogels (including tensile strength, tensile strain, elastic
modulus, and toughness) were compared with the representa-
tive protein gels reported in recent works (Figure 3g–i, Table S3,
Supporting Information).[1,8,17–21,48–56] It can be seen that these
values, particularly tensile strength and elastic modulus, far sur-
passed the reported protein-based gels.
The non-covalent crosslinked interactions in gelatin eutecto-

gels are able to reversibly dissociate and reform, providing ef-
fective energy dissipation and self-recovery capacity. Loading–
unloading tensile tests were conducted to evaluate the energy dis-
sipation, using G15/ChCl-Gly gel as an example (Figure S15, Sup-
porting Information). A successive loading–unloading test under
different maximum strains shows that the hysteresis loops be-
came more obvious and the corresponding dissipation energy
rose sharply with the increase of maximum strain. These re-
sults indicate that at small strains, the gel exhibited elastic de-
formation, accompanied by the dissociation of a limited num-
ber of non-covalent interactions. As the strains increased, more
non-covalent crosslinked interactions dissociated, enabling ef-
fective energy dissipation to toughen the gels. Furthermore,
we conducted 10 consecutive loading–unloading tests at 50%
strain (Figure 3e,f). Apparently, a distinct hysteresis loop can
be observed in the first cycle, with the dissipated energy being
11.09 kJ m−3, indicating the rapid dissociation of abundant sac-
rificial bonds during deformation. From the second to tenth cy-
cles, the size of hysteresis loops and the corresponding dissipated
energy exhibited only a slight decrease. And the tensile stress in
tenth cycle (0.132MPa) was about 94.38% of that in the first cycle
(0.134 MPa). These results reveal the good structural stability of
the crosslinked networks even when partial crosslinking points
were broken, as well as the good self-recovery ability of G15/ChCl-
Gly gel.
Crack-resistance ability is the merit for materials to pre-

vent external attack, extending their service life.[57] The unique
crosslinked structure imparts exceptional toughness to gelatin
eutectogels regarding tear and fracture energy. Trouser-tearing
test was first performed to evaluate the toughness of gelatin eu-
tectogels (Figure 4a,b and Figure S16, Supporting Information).
As shown in Figure 4a, a trouser-shaped notched G15/ChCl-Gly
sample can be highly stretched with a largemoving distance. The
calculated tearing energies increased from 0.37 ± 0.09 kJ m−2

(G15/ChCl-EG) to 3.94 ± 0.50 kJ m−2 (G15/ChCl-(D-sorbitol), all
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Figure 4. Insensitivity to crack propagation and fatigue resistance of gelatin eutectogels. a) Images of G15/ChCl-Gly gel during tearing process. b) Tearing
energies of different gelatin eutectogels ((G15/ChCl-EG, G15/ChCl-Gly, G15/ChCl-Xylitol, G15/ChCl-(D-Sorbitol)). c) Photographs of notched G15/ChCl-
Gly gel under stretching. d) Typical stress-strain curves and e) the corresponding fracture energy of the different notched eutectogels ((G15/ChCl-EG,
G15/ChCl-Gly, G15/ChCl-Xylitol, G15/ChCl-(D-Sorbitol)). f) Consecutive tensile stress-strain curves of the notched G15/ChCl-Gly gel at 100% strain for
100 cycles and g) magnified image showing no obvious stress attenuation. Data in (b) and (e) are represented as mean values ± SD (n = 3).

of which were higher than that of gelatin hydrogel (1.65 J m−2)
(Figure 4b and Figure S16, Supporting Information), demon-
strating good tear tolerance. Furthermore, the fracture energy
of gelatin eutectogels was evaluated by stretching single-edge
notched samples (Figure 4c,e, Figure S17, Supporting Infor-
mation). As shown in Figure 4c, when the notched G15/ChCl-
Gly sample was subjected to the loading perpendicular to the
notched direction, it can be stretched to a large length with-
out perceptible propagation of the crack tip,[58] indicating the
excellent crack propagation insensitivity. Figure 4d shows that
the notched samples of G15/ChCl-EG, G15/ChCl-Gly, G15/ChCl-
Xylitol, and G15/ChCl-(D-Sorbitol) had large strains of 351%,
404%, 181%, and 131%, respectively. According to the crack
propagation strains of notched samples and the stress–strain
curves of unnotched samples, the calculated fracture energies
of G15/ChCl-EG, G15/ChCl-Gly, G15/ChCl-Xylitol, and G15/ChCl-
(D-Sorbitol) were 1.58 ± 0.31, 6.46 ± 0.67, 2.72 ± 0.25, and
6.76± 0.99 kJm−2, respectively. It should be noticed that the high
fracture energies of G15/ChCl-Gly and G15/ChCl-(D-Sorbitol)
gels can be attributed to the high toughness. Additionally, the
fatigue-resistance capacity was evaluated by conducting continu-

ous cyclic tensile tests on the notched G15/ChCl-Gly gel at a fixed
strain of 100% (Figure 4f,g). It is observed that the sample with a
1 mm notch exhibited negligible stress attenuation after 100 cy-
cles at 100% strain, showing good fatigue resistance. The above
results manifest that the dense structure, resulting from the
synergistic interactions between abundant non-covalent gelatin
chain–chain and chain–solvent interactions, effectively alleviates
stress at the crack tip by dissociating some reversible bonds in
the gelatin chains. This mechanism prevents crack propagation
and contributes to the high crack resistance of the eutectogels.
In summary, with such a large range of adjustable high mechan-
ical properties (elastic modulus, tensile strength, and toughness)
and mechanical durability, the gelatin eutectogels will be served
as promising materials for wide applications of flexible sensors
and biomimetic actuators in soft robotics.

2.4. Tough Gelatin Eutectogels with Multifunctionality

The tough gelatin eutectogels also exhibit good adhesion abil-
ity, environmental tolerance, and recyclability. As shown in
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Figure 5. Adhesive and recycling properties of gelatin eutectogels. a) Photographs illustrating the adhesiveness of G15/ChCl-Gly gel on different sub-
strates (PET, Glass sheet, Silica sheet, Copper sheet). b) Adhesive strength of G15/ChCl-Gly gel on various substrates. c) Ten repeated adhesion strength
of G15/ChCl-Gly gel on PET. d) Adhesion curves and e) the corresponding adhesion strength of different gelatin eutectogels (G15/ChCl-EG, G15/ChCl-
Gly, G15/ChCl-Xylitol, G15/ChCl-(D-Sorbitol) on PET. f) Schematic adhesion mechanisms of gelatin eutectogels. g) Optical photos showing schematic
diagram of the recyclability of G15/ChCl-Gly gel. h) Tensile stress-strain curves of G15/ChCl-Gly gel before and after recycling. Data in (b), (c), and (e)
are represented as mean values ± SD (n = 3).

Figure 5a, the G15/ChCl-Gly gel sample could tightly adhere to
different substrates (including polyethylene glycol terephthalate
(PET), glass sheet, silica sheet and copper sheet). The adhesive
strengths of the gel to glass, PET, Cu and silica sheet substrates
were quantified to be 30.98 ± 1.81, 18.53 ± 0.88, 17.56 ± 1.43,
and 17.43 ± 3.15 kPa, respectively (Figure S18a, Supporting In-
formation, Figure 5b). In addition, these reversible non-covalent
interactions enable repeatable adhesion. For example, the adhe-
sion strength to PET remained at ≈23 kPa after 10 attach and
detach cycles (Figure S18b, Supporting Information, Figure 5c).
Furthermore, using the PET as the typical substrate, the adhesion
property of various gelatin eutectogels was quantitatively evalu-
ated (Figure 5d,e). As the hydroxyl number in the hydrogen bond
donor (HBD) increased, the adhesive strength of the prepared eu-
tectogels also improved. This enhancement can be attributed to
the higher number of hydroxyl groups, which strengthen interfa-

cial interactions, as well as increasing toughness of the eutecto-
gels. As a result, the adhesive performance of gelatin eutectogels
can be regulated and the adhesive strength of the G15/ChCl-(D-
Sorbitol) gel to PET was as high as 92.64 ± 3.10 kPa. Such good
adhesion could be attributed to the numerous hydrogen bonds,
electrostatic interactions and metal coordination provided by car-
boxyl, amido and hydroxyl groups (Figure 5f).[59,60]

DESs demonstrate unique characteristics such as high
ionic conductivity, low vapor pressure and low operation
temperature.[61] The gelatin eutectogels have composed of such
advantageous characteristics. For instance, the prepared gelatin
eutectogels had varying ionic conductivity depending on the
types of DESs and the density of crosslinked network (Figure
S19, Supporting Information). The gelatin eutectogels also exhib-
ited excellent low-temperature tolerance. As revealed by Differ-
ential Scanning Calorimetry (DSC) measurements (Figure S20a,
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Supporting Information), different from gelatin hydrogel with a
freezing point at−20.46 °C, our gelatin eutectogels remained sta-
ble within the temperature range of −70 to 20 °C. Such excellent
anti-freezing ability allows the eutectogels tomaintain their func-
tionalities at extreme subzero temperatures. As shown in Figure
S20b, Supporting Information, with the decrease of temperature,
the G15/ChCl-Gly gel gradually became stiffer, but was still highly
stretchable with a strain at break of 535% at−40 °C. And the con-
ductivity of G15/ChCl-Gly gel gradually decreased as the temper-
ature decreased, and the conductivity of it was 0.088 mS cm−1 at
−20 °C due to the low-temperature stability (Figure S20c, Sup-
porting Information). The G15/ChCl-Gly gel also demonstrated
excellent self-recovery ability at low temperature (Figure S20d,e,
Supporting Information). As expected, due to the low vapor pres-
sure of ChCl-Gly, the G15/ChCl-Gly gel also exhibited long-term
stability (Figure S21, Supporting Information).
The reversible non-covalent crosslinking in eutectogels en-

dows them with good recyclability.[18] As illustrated in Figure 5g,
the broken G15/ChCl-Gly gel fragments can be fully transferred
into a uniform sol state after heating at 65 °C by dissociating
the original non-covalent bonds (hydrogen bonds and ionic in-
teractions). The gel-to-sol transition of G15/ChCl-Gly at the in-
creased temperature was confirmed by rheological test (Figure
S22, Supporting Information). After cooled back to room temper-
ature, the non-covalent interactions between gelatin chains and
ChCl-Gly were reformed, achieving the recycling of G15/ChCl-
Gly gel. The recycled G15/ChCl-Gly gel after three recycles still
retained a high tensile strain of ≈600% and a tensile strength
of ≈3 MPa, although it exhibited some decrease compared
with the original G15/ChCl-Gly gel (Figure 5h). In addition,
the recycled G15/ChCl-Gly gel demonstrated higher conductiv-
ity (1.00 mS cm−1) compared with that of the original ones
(0.74 mS cm−1) (Figure S23, Supporting Information), which at-
tributes that the decreased crosslinked structure was conducive
to ion migration. Other types of gelatin eutectogels (G15/ChCl-
EG, G15/ChCl-Xylitol, G15/ChCl-(D-Sorbitol)) also demonstrated
good recyclability, as shown in Figure S24, Supporting Infor-
mation. Moreover, our protein gel can degrade to basic build-
ing blocks after soaking in water for 72 h (Figure S25, Sup-
porting Information), and the degradation ratio could reach to
94.78 ± 0.61%, suggesting their application potential in degrad-
able surgical implants, eco-friendly soft robots and transient
electronics.

2.5. Potential Applications of Gelatin Eutectogels

The strong and tough gelatin eutectogels with adjustable me-
chanics and multifunction (adhesiveness, ionic conductivity, and
environmental stability) hold broad application potential across
diverse fields under extreme environments. Due to skin-like
modulus, high stretchability and toughness, the application of
G15/ChCl-Gly gel as flexible and wearable sensors was inves-
tigated. The strain sensing performance of G15/ChCl-Gly gel
was firstly evaluated (Figure S26, Supporting Information). The
G15/ChCl-Gly gel-based strain sensor exhibited high sensitivity
with the gauge factors (GFs) of 1.59 for strain ranging from 0%
to 350% and 2.45 for strain larger than 350%, respectively (Figure
S26a, Supporting Information). In addition, the G15/ChCl-Gly

gel strain sensor demonstrated a fast response rate, with a re-
sponse time of 318 ms and a recovery time of 154 ms, re-
spectively (Figure S26b, Supporting Information). Moreover, the
strain sensor can detect different levels of strain with high re-
liability and long-term stability (Figure S26c–h, Supporting In-
formation). Given the outstanding strain sensitivity and sensing
range, the G15/ChCl-Gly gel was assembled as wearable sensors
for humanmotions and physiological signalsmonitoring (Figure
S27, Supporting Information). For example, the bending angles
and bending speed of joints could be feasibly and accurately
reflected (Figure S27a–c, Supporting Information). Apart from
large joint motions, the wearable sensor can also detect slight
muscle activities, such as speaking different English letters con-
trolled by the masseter muscle and swallowing controlled by the
pharyngeal muscles, with consistent and stable signals (Figure
S27d,e, Supporting Information). At the same time, the wearable
sensor also had a certain pressure sensing capability (Figure S27f,
Supporting Information). Moreover, the excellent environmental
stability of G15/ChCl-Gly gel allowed the strain sensor to work at
−20 °C (Figure S28, Supporting Information).
The G15/ChCl-Gly gel-based bioelectrodes could be used to

record trivial electrophysiological signals. A three-point detection
method was used to monitor the electromyography (EMG) sig-
nals generated by muscle fibers during human movements.[21,62]

The A electrode (red) and B electrode (green) based on
G15/ChCl-Gly gels were placed on the head and tail of biceps
brachii/palmaris longus muscle as working electrode and refer-
ence electrode, respectively. The C electrode (black) was fixed on
the right lower limb of volunteers as grounding electrode (Figure
S29a, Supporting Information). The EMG signals were highly
consistent when holding the gripper with same force. A grad-
ual increase in signal strength was observed as the holding force
varied between 5, 10, and 15 kg (Figure S29b, Supporting Infor-
mation), which was comparable to the commercial Ag/AgCl elec-
trodes (Figure S29c, Supporting Information). These results in-
dicate that G15/ChCl-Gly gel-based electrodes were highly qual-
ified for recording EMG signals. Similarly, three G15/ChCl-Gly
gel-based electrodes were employed as bioelectrodes for electro-
cardiogram (ECG) signal acquisition. Specifically, electrodes A
(red) and B (green) were placed on the left and right radial pulses
as the working and reference electrodes, respectively, while elec-
trode C (black) was attached to the volunteer’s right lower limb
as the ground electrode (Figure 6a). As shown in Figure 6b, the
gel-based electrodes were able to capture ECG signals with ob-
vious PQRST waveforms with high signal resolution and sta-
bility, which were comparable to those obtained by commercial
Ag/AgCl electrodes. At the same time, we recorded ECG signals
of the volunteer before and after exercise (Figure S30, Support-
ing Information). It can be found that the volunteers’ heart rate
increased from 77 to 89 bmp after the exercise. At the same time,
G15/ChCl-Gly gel-based electrodes also had good long-term sta-
bility for continuous ECG monitoring (Figure S31, Supporting
Information). Combined with their adhesiveness, wide operation
temperature range and recycling ability, G15/ChCl-Gly gel-based
electrodes can serve as a promising alternative to commercial
Ag/AgCl electrodes.
For practical applications, the gels may need to maintain

structural stability and function under great stress or stren-
uous movements.[63] And G15/ChCl-(D-sorbitol) gel with high
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Figure 6. Demonstration of the potential application of gelatin eutectogels. a) Schematic diagram of the setup for the ECG recording (A: Working
electrode, B: reference electrode, C: grounding electrode). b) ECGmonitoring using G15/ChCl-Gly gel electrodes and commercial Ag/AgCl gel electrodes.
c) Schematic diagram of G15/ChCl-(D-sorbitol) gel-based trampling sensor. d) Relative resistance changes of G15/ChCl-(D-sorbitol) gel-based sensor
during walking. e) Relative resistance curves of G15/ChCl-(D-sorbitol) gel upon hanging objects of different weights. f) Landing conditions of lander
before and after being fixed by gelatin hydrogel and G15/ChCl-(D-sorbitol) gel.

stiffness, strength and toughness in our work is satisfied for
applications in such conditions. As demonstrated in Figure 6c,
G15/ChCl-(D-sorbitol) gel was assembled and encapsulated be-
tween two VHB tapes as a strain sensor, which was placed un-
der foot to record the walking signals. Figure 6d shows that the
clear and stable sensing signals can be obtained during work-
ing. Similarly, we hung weights of varying magnitudes on the
G15/ChCl-(D-sorbitol) gel (20 mm × 10 mm × 0.4 mm) to de-
tect the resistance signal of the gel under the tension of differ-
ent weights. The G15/ChCl-(D-sorbitol) gel can bear the weights
from 20 g to 1 kg and output a stable resistance signal (Figure 6e).
Furthermore, the applications of strong and tough gelatin eu-
tectogels as load-bearing materials was demonstrated by using
G15/ChCl-(D-sorbitol) gel as the load-bearing belt of the landing
leg of a soft lander (Figure 6f).[64] This lander has four articu-

lated legs that can be opened and closed freely. Four eutectogel
strips (40 mm × 10 mm × 0.4 mm) link the four legs through
the adhesive connection of the gel itself, so that they are sub-
jected to static or vertical impact loads when the lander is in the
ground. The lander with a weight of 100 g without gel (the to-
tal weight of 117 g) was lifted to a height of 18 cm, and then
was released for free fall. The function of energy absorbed by
the instantaneous elongation of gel connected to the lander is
similar to that of tendons. As a comparison, the lander with
gelatin hydrogel as load-bearing belt cannot withstand the im-
pact during landing due to the weak mechanical strength. While,
after being reinforced with G15/ChCl-(D-sorbitol) gel, the lander
can withstand impact and land stably in free fall, demonstrat-
ing its potential applications as load-bearing materials in soft
devices.
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3. Conclusion

In summary, we developed strong, stiff, tough and durable pro-
tein gels based on gelatin (named as gelatin eutectogels) us-
ing DESs as dispersion medium with feasible solvent-exchange
strategy. By replacing water with DES solvent, the gelatin chain–
chain interaction was greatly enhanced, and DESs formed nu-
merous non-covalent crosslinks among gelatin chains, enabling
gelatin eutectogels with high strength, high stiffness, excellent
toughness, superior stretchability and crack-insensitivity. More-
over, the mechanical performance of gelatin eutectogels can be
customized by adopting different polyols as HBDs to regulate the
hydrogen bonds between DESs and gelatin chains. In addition,
such reversible crosslinking structure featured the gelatin eu-
tectogels with multi-functionalities, including adhesiveness, re-
cyclability, anti-freezing properties, and degradation. The poten-
tial application of these versatile and robust gelatin eutectogels
was preliminarily demonstrated in wearable sensors capable of
detecting subtle or intense biological activities and load-bearing
parts within soft robotic systems. This work provides a feasible
route to prepare a tough, strong, and stiff protein-based gel with
multi-functions, which paves the way for the integration of pro-
tein gels into technologies demanding customizable mechanical
and structural features.
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the author.
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