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Deep Eutectic Solvents-Based Ionogels with Ultrafast 
Gelation and High Adhesion in Harsh Environments

Gang Ge, Kalpana Mandal, Reihaneh Haghniaz, Mengchen Li, Xiao Xiao, Larry Carlson, 
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Adhesive materials have recently drawn intensive attention due to their 
excellent sealing ability, stimulating advances in materials science and 
industrial usage. However, reported adhesives usually exhibit weak adhe-
sion strength, require high pressure for strong bonding, and display severe 
adhesion deterioration in various harsh environments. In this study, instead 
of water or organic solvents, a deep eutectic solvent (DES) is used as the 
medium for the photopolymerization of zwitterionic and polarized mono-
mers, thus generating a novel ionogel with tunable mechanical properties. 
Multiple hydrogen bonds and electrostatic interactions between DES and 
monomers facilitated ultrafast gelation and instant bonding without any 
external pressure, which has rarely been reported previously. Furthermore, 
high adhesion in different harsh environments (e.g., water, acidic and basic 
buffers, and saline solutions) and onto hydrophilic (e.g., glass and tissues) 
and hydrophobic (e.g., polymethyl methacrylate, polystyrene, and poly-
propylene) adherends is demonstrated. Also, the high stretchability of the 
ionogel at extreme temperatures (−80 and 80 °C) indicates its widespread 
applications. Furthermore, the biocompatible ionogel shows high burst 
pressure onto stomach and intestine tissues to prevent liquid leakage, high-
lighting its potential as an adhesive patch. This ionogel provides unprece-
dented opportunities in the packaging industry, marine engineering, medical 
adhesives, and electronic assembly.
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1. Introduction

Adhesives are defined as a class of sticky, 
soft materials with strong adhesion to 
adherends,[1] and they have a great poten-
tial in automobile assembly,[2] packaging 
industry,[3] human-machine interfaces,[4] 
and flexible electronics.[5,6] Adhesives 
include two subsets: water- (e.g., hydrogel 
adhesives) and solvent-based (e.g., ionogel 
adhesives) species.[7] Hydrogel adhesives 
based on catechol-containing deriva-
tive,[8] metal-coordination,[9] cationic–aro-
matic sequence,[10] and carboxyl-amino 
chemistry[11] usually show low adhesion 
strengths (28 to 60  kPa). Furthermore, 
these motifs are subject to redox-, pH-, 
and ion-initiated debonding.[12] Another 
drawback of hydrogel adhesives is that 
tedious procedures for topological 
crosslinking, including plasma treatment, 
siloxane chemistry, and hydrolysis,[13,14] 
should be implemented, which drastically 
change near-surface and internal proper-
ties of the adherend. Moreover, hydrogel 
adhesives are vulnerable to hydrolytic 
degradation, plasticization, and solva-
tion[15] since free water within hydrogel 

networks dilutes the interfacial bonding density and obstructs 
direct contact between the adhesive and adherend.[16] For 
example, Yang et  al. has demonstrated the complete detach-
ment of poly(2-hydroxyethyl methacrylate) superglues from 
glass adherends within 170  s after adding water[17] because 
conformation rearrangements and coacervation variations 
of the polymers disrupted non-covalent interactions.[18] To 
relieve the poor adhesion of adhesives induced by water, 
researchers turned to adopting organic solvents as media of 
adhesives.[19,20] However, such volatile organic compounds 
(VOCs), including dimethyl sulphoxide,[19] cyanoacrylate 
derivatives,[21] and acetonitrile,[20] released cytotoxic ingredi-
ents during degradation.[22] Lee et al. demonstrated that com-
mercial poly(vinyl chloride) and 3 m epoxy adhesives released 
smelly VOCs, which caused pulmonary inflammation and 
fibrosis in mice.[23] Besides, these adhesives only worked for 
dry adherends under ambient temperatures, largely limiting 
the potential usage. Therefore, developing new green solvent 
media-based novel adhesives, which retain high adhesion in 
various harsh environments (e.g., water, non-neutral buffers, 
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and saline solvents), is highly needed. Besides, the adhesives 
should show low toxicity and high biocompatibility to reduce 
health risk, broad working windows (e.g., subzero and high 
temperatures), and ubiquitous adhesion onto various adher-
ends (e.g., hydrophilic/hydrophobic adherends and even brim-
ming surfaces).

Instead of water or organic solvents, ionic liquids (ILs) 
have been recently used to develop strong ionogel adhesives 
with enhanced interfacial bonding due to variable ion pairs in 
ILs, which dynamically interacted with polymer chains.[24,25] 
Nevertheless, high external pressure  was  usually required for 
successful bonding.[26] Yan et  al. proposed one ionogel with a 
satisfactory adhesion strength (5.8  MPa) by utilizing the ILs 
as media; however, an ultra-high loading (40 kPa) was needed 
to form the bonding layer, which could result in permanent 
damage to the adherent.[27] Besides, formed crystals within 
ionogels indicated unstable adhesion at different tempera-
tures.[26,27] Ionogels based on fluorine-rich ILs exhibited under-
water adhesion only after being formulated into stretchable 
bulks, hindering their possibilities as superglues.[28,29] Further-
more, the adhesion strength (681 kPa) was insufficient to stick 
distinct materials together.[28] More recently, deep eutectic sol-
vents (DESs), sharing similar properties with ILs,  were  intro-
duced to improve adhesion strengths (6.8  MPa) due to the 
multiple supramolecular interactions.[30] However, long-term 
pressing (10  mins)  was  required, which  was  inadequate for 
many rapid interventions such as first-aid emergencies. Gen-
erally, rapidly gelled adhesives showed decreased adhesion 
since polymer chains with unoptimized conformations do 
not effectively diffuse and penetrate into adherends in a short 
time.[31] The adhesive with fast gelation (28 s) demonstrated a 
low interfacial strength of 6.8 kPa.[32] Therefore, mechanically 
strong and sticky adhesives with high adhesion and ultrafast 
gelation are warranted. Novel synthesis approaches should 
potentially utilize new chemicals (i.e., monomers and solution 
media) while optimizing intermolecular interactions between 
both.[30,32]

In this paper,  we  report a mechanically strong ionogel 
prepared by photopolymerization of polarized N-hydroxye-
thyl acrylamide (HEAA) and zwitterionic N-(3-sulfopropyl)-
N-(methacryloxyethyl)-N, N-dimethylammonium betaine 
(DMAPS) in DESs, a type of water-free green solvent. Fast gela-
tion  was  achieved on account of multiple intra- and intermo-
lecular interactions among different components. Mechanical 
and electrochemical properties of ionogels  were  shown to be 
tunable by changing the formulations. We demonstrated that 
instant and strong bonding of ionogels onto hydrophobic adher-
ends under harsh environments (e.g., water, acidic and basic 
buffers, saline solutions, and brimming surfaces) was obtained 
without the use of external pressure. High stretchability at 
extreme temperatures (−80 and 80  °C) also indicated the fea-
sibility of using these ionogels for broad applications. Further-
more, the biocompatible ionogels survived high burst pressure 
and prevented liquid leakage after sealing punctured stomach 
and intestine tissues. Fast gelation, strong adhesion, and high 
biocompatibility displayed the ionogel’s potential applications 
for the medical adhesives, marine engineering, as well as elec-
tronic assembly.

2. Results and Discussion

2.1. Structural Design and Fast Gelation of the Ionogels

The water-free ionogel containing poly(N-hydroxyethyl 
acrylamide) (PHEAA) and poly(N-(3-sulfopropyl)-N-
(methacryloxyethyl)-N, N-dimethylammonium betaine) 
(PDMAPS)  was  prepared by the one-step co-polymerization 
of their corresponding monomers (Figure  1a). Co-polymeriza-
tion together with cross-linking occurred at the same time in 
DESs.[33] As one kind of green solvent comparable to ILs,[34] 
DES  was  used as the precursor media to facilitate perfor-
mance tuning. Indeed, the hydrogen bonds within DES can 
be readily tuned based on the donor/acceptor categories and 
their molar ratios.[35] In this system, the transparent and vis-
cous DES was prepared by mixing choline chloride (ChCl) and 
glycerol, which served as a hydrogen bond acceptor and donor, 
respectively.[35] The electrostatic interactions of the N+Cl− 
bonds enhanced the ionic features of DES.[35,36] Polarized 
PHEAA, which has excellent resistance to both water and cor-
rosion, was chosen to construct the first cross-linked network. 
Zwitterionic PDMAPS  was  added to enhance the durability 
underwater of the ionogel since the co-presence of anions and 
cations facilitated the formulation of a hydration shell without 
sacrificing hydrogen bonds.[37] Besides, multiple electrostatic 
interactions between DES and PDMAPS also enhanced the 
adhesion feature underwater.[11]

DxHy denotes specific ionogel formulations, where x:y refers 
to the volume ratios of DES and HEAA. Multiple dynamic 
intra- and intermolecular interactions within different compo-
nents were present in the proposed ionogel. In detail, hydroxy 
and amino groups of PHEAA effectively formed intra- and 
intermolecular hydrogen bonds. Hydroxy and amino groups 
of PHEAA, hydroxy groups of glycerol, and hydroxy groups of 
ChCl interacted with each other. This interaction enhanced the 
mechanical performances of the ionogel through hierarchical 
hydrogen bonding. Oxygen anions (O−) in PDMAPS and chlo-
ride anions (Cl−) in ChCl formed electrostatic interactions with 
quaternary ammonium cations (N+) of PDMAPS and ChCl, 
respectively. Moreover, the N+ cations combined with adja-
cent ions benefit delocalization of electrons and rigidness of 
polymer configurations, favoring a topological ionic matrix of 
the ionogel.[38] Zeta potential showed that the DES  was  nega-
tively charged (−41.83  mV), however, it became almost neu-
tral (0.3  mV) after adding HEAA (Figure  S1a, Supporting 
Information). The further addition of DMAPS resulted in the 
precursor with positive charge (1.9  mV). Such charge varia-
tions were because of the multiple intermolecular interactions 
between different components, confirmed by the Fourier Trans-
form Infrared Spectroscopy (FTIR) (Figure  S1b, Supporting 
Information).

Confocal laser scanning microscopy (CLSM) demonstrated 
the structural evolution of the ionogel after different UV expo-
sure times (from 0 to 120  s) (Figure  1b). Initially, the surface 
of the liquid precursor  was  smooth and flat before UV expo-
sure. However, upon UV exposure for 60, 80, and 120  s, the 
ionogel showed an incrementally aligned profile. Possibly, 
the highly ordered structure resulted from the interfacial 
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self-assembly of networks during polymerization.[39] The 
stained liquid precursor  was  rapidly converted into a gel after 
UV exposure. Although the gelation time varied between for-
mulations, all ionogels demonstrated a fast gelation capacity 
(Figure 1c). Both storage modulus (G′) and loss modulus (G″) 
of the D1H4 ionogel reached a steady platform upon UV expo-
sure for 36 s, and a much larger G’ value demonstrated the gel 
state (Figure 1d). After gelation, the D3H2 ionogel showed high 
adhesion onto the measuring plate of the rheometer when the 
plate  was  lifted (Figure  S2, Supporting Information). Overall, 

the ratios between DES and HEAA significantly influenced 
the gelation time of the ionogel, from 14  s for D4H1 to 36  s 
for D1H4 (Figure  1e; Figure  S3, Supporting Information). For 
example, the D2H3 ionogel gelled in 28  s (G′ = 100.4 kPa and 
G″  = 66.5  kPa). With more DES, D3H2 and D4H1 formed the 
bulk ionogel after UV exposure for 21 and 14  s, respectively. 
In contrast, after UV exposure for 2  min, precursors without 
DMAPS or HEAA exhibited a higher G″ than G′, indicating 
that no gelation occurred (Figure S4, Supporting Information). 
A recent study demonstrated that the increased concentration 

Adv. Funct. Mater. 2023, 33, 2207388

Figure 1.  Characteristics of the rapidly gelled ionogels. a) Schematic of the adhesive ionogel containing PHEAA, PDMAPS, and DESs. b) Confocal laser 
scanning microscopy (CLSM) images show the structural evolution of the D1H4 ionogel upon different UV exposure time. Scale bar: 200 µm. c) Pictures 
showing the fast gelation feature of the D1H4 ionogel upon UV exposure. Scale bar: 1 cm. d) Modulus variations of the D1H4 ionogel during gelation. 
e) Gelation time of the DxHy ionogels upon UV exposure. The error bars represent standard deviation; sample size n = 3.
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of DES favored fast gelation compared to water[33] because the 
DES could significantly enhance the overall polymerization 
rate in the eutectic media via the multiple hydrogen and ionic 
bonds. Therefore, more DES largely accelerated the polymeri-
zation process, resulting in quicker gelation. Such polymeriza-
tion-induced gelation was the synergy of chemical crosslinking 
and dynamic bonding. Since DES favors more dynamic inter-
actions through noncovalent bonds, whereas HEAA enhances 
rigidity through covalent bonding, higher ratios of DES to 
HEAA  were  associated with softer and more flexible ionogels 
(Figure  S5, Supporting Information). Similarly, complex vis-
cosity, which  was  an indicator of intermolecular interactions 
due to intrinsic friction, also showed a decreased trend upon 
adding more DES (Figure S6, Supporting Information). Lastly, 
the D4H1 ionogel showed the least shear-thinning property 
because its networks were more dynamic to maintain the initial 
state (Figure S7, Supporting Information).

2.2. Mechanical, Electrochemical, and Rheological Properties of 
the Ionogels

Recently reported strong glues exhibited high adhesion, but 
few demonstrated high stretchability because of irreversible 
covalent bonds. Since DES largely increases the softness of 
the cross-linked networks by providing an additional degree 
of freedom of polymer configurations, the coiled polymer 

chains can be easily unwrapped during stretching. Therefore, 
our ionogel demonstrated impressive mechanical compliance. 
Individual ionogel dots could be seamlessly solidified onto an 
ionogel film. Furthermore, the dotted ionogel could be biaxially 
stretched without any delamination, indicating high adhesion 
of the ionogel to itself (Figure 2a). Furthermore, ratios between 
DES and HEAA influenced stress-strain performances of the 
ionogel (Figure  2b). For example, the D1H4 ionogel could be 
stretched to 553% with a fracture strength of 441 kPa, sharing 
similar mechanical features to elastomers.[40] The D2H3 ionogel 
showed a higher stretchability of 743% and a lower fracture 
strength of 208  kPa. With more DES, the fracture strength 
of the D3H2 ionogel  was  further decreased to 111  kPa with a 
stretchability of 1235%. Compared with the polyacrylamide- and 
poly(acrylic acid)-based hydrogels, which could be stretched 
500% and 1503%, respectively,[31,41] the D4H1 ionogel showed 
a higher stretchability of 1942%, demonstrating its enhanced 
mechanical compliance. Young’s modulus of the D1H4, D2H3, 
D3H2, and D4H1 ionogel were 327, 106, 29, and 0.75 kPa, respec-
tively, indicating enhanced rigidity upon more HEAA. Note 
that J-shaped profiles of the D1H4, D2H3, and D3H2 ionogels 
became more obvious after increasing the amount of HEAA, 
which indicated the strain-stiffening behavior.[28] By compar-
ison, the D4H1 ionogels showed the strain-softening properties 
due to the presence of increased non-covalent bonds. Indeed, 
adding more DES increased the softness and flexibility of the 
ionogel since DES favored more dynamic interactions through 

Adv. Funct. Mater. 2023, 33, 2207388

Figure 2.  a) Illustration of the biaxially stretchable ionogel. Ionogel dots, stained by a pink dye, were dripped and solidified on the transparent bulk 
ionogel to show the high adhesion between both during biaxial stretching. Scale bar: 2 cm. Inset shows the initial shape of the bulk ionogel dotted 
with pink ionogel drops. Scale bar: 2 cm. b) Mechanical and c) electrochemical performances of the DxHy ionogels. d) Frequency sweep and e) shear 
strain sweep of the DxHy ionogels. f) Viscosity variations of the DxHy ionogels upon temperature sweep from −20 to 100 °C.

 16163028, 2023, 9, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202207388 by N
A

N
Y

A
N

G
 T

E
C

H
N

O
L

O
G

IC
A

L
 U

N
IV

E
R

SIT
Y

, W
iley O

nline L
ibrary on [02/03/2023]. 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



www.afm-journal.dewww.advancedsciencenews.com

2207388  (5 of 11) © 2023 Wiley-VCH GmbH

hydrogen bonds. Besides, both rigidity and fracture strength 
increased upon more photoinitiator and DMAPS contents 
(Figure S8, Supporting Information). The dotted ionogel firmly 
adhered to the nitrile glove and curved surface (Figure S9, Sup-
porting Information), and  was  uniaxially stretched to 200% 
without breakage and delamination (Figure  S10, Supporting 
Information), further demonstrating high flexibility and strong 
adhesion. The ionogel  was  deposited onto an aluminum foil 
to assess its impedance (Figure 2c). The D1H4 ionogel showed 
the highest impedance in frequencies from 10−2 to 105  Hz. 
By comparison, the D2H3 ionogel showed a two-thirds lower 
impedance in the high-frequency range and nearly thirty-fold 
lower impedance in the low-frequency range. The D3H2 ionogel 
showed a hundred-fold lower impedance in the low-frequency 
range than the D1H4 ionogel. The D4H1 ionogel exhibited the 
lowest impedance. Under the external electrical field, N+ cat-
ions shifted toward the cathode, whereas Cl− anions migrated 
to the anode due to the potential difference.[15] Such direc-
tional ion migration resulted in the formation of conductive 
pathways.[35,36] Because more DES and less polymer contents 
favored a higher ion concentration and lower migration barrier, 
the D4H1 ionogel with the most mobile ions and the sparsest 
cross-linked networks exhibited the highest ionic conductivity.

Frequency-dependent rheological tests  were  conducted to 
characterize the intermolecular interactions among different 
ionogel compositions (Figure 2d). Below a frequency of 1.8 Hz, 
D1H4 and D2H3 ionogels exhibited a gel state, but both tran-
sitioned to a liquid state at a frequency higher than 1.8  Hz. 
In comparison, the D3H2 and D4H1 ionogels did not exhibit 
a similar phase transition. Indeed, D3H2 and D4H1 ionogels 
remained in a constant gel state at both high and low frequen-
cies because their networks exhibited more dynamic revers-
ibility.[42] Moreover, at low frequency, the difference between G′ 
and G″ of the D4H1 ionogel was not as distinct as other iono-
gels, indicating intrinsic viscoelastic features of this formula-
tion. As shown in Figure  2e, G’ and G’’ of the D1H4 ionogel 
exhibited decreased profiles at a shear strain above 20.5%, 
indicating the irreversible feature of the cross-linked networks 
upon a high shear strain. However, the D2H3, D3H2, and D4H1 
ionogels exhibited a steady platform from 0.01% to 100% shear 
strain ranges. Water-based hydrogel adhesives lost elasticity at 
subzero temperatures because the as-formed ice crystals hard-
ened the hydrogel matrix.[43] In contrast, since DES  was  used 
as the medium instead of water, ionogels remained a gel state 
with a higher G’ across broad temperature ranges (−20 to 
100 °C) (Figure S11, Supporting Information). Also, both G’ and 
G’’ decreased with temperature due to the higher mobility of 
polymer segments.

Ionogels also demonstrated anti-freezing and heat-resistant 
capacities at both low (−80 °C) and high (80 °C) temperatures 
(Figure S12, Supporting Information). The D1H4 ionogel stored 
at 80  °C for 1  h could be stretched to 480% with a fracture 
strength of 756 kPa. However, the D1H4 ionogel stored at −80 °C 
showed a higher stretchability (703%) and a lower fracture 
strength (349  kPa) than the original one stored at 25  °C. The 
humidity-enhanced mechanical stretchability was attributed to 
the hygroscopicity of the DES and zwitterionic DMAPS.[36,44] 
Since water can be volatile at room temperature (25 °C), tradi-
tional water-based hydrogels  were  limited to short-term usage 

(2 days).[45] In comparison, when DES was used as the media, 
these DES-based ionogels showed ductile compliance even after 
storage at room temperature for 15 days (Figure S13, Supporting 
Information). Figure  2f depicted the influence of temperature 
on the viscosity of ionogels. The viscosity of the D1H4 ionogel 
decreased from 42.6 to 5.1 kPa, with the temperature increasing 
from −20 to 100 °C. The D2H3 ionogel exhibited a viscosity of 
17.9 kPa at −20 °C and 2.9 kPa at 100 °C. At −20 °C, the viscosity 
of the D3H2 and D4H1 ionogels was 7.3 and 3.1 kPa, whereas it 
became 0.9 and 0.2 kPa at 100 °C, respectively. Indeed, the vis-
cosity of the D4H1 ionogel was more influenced by temperature 
since more hydrogen bonds could be rearranged to retain the 
initial network configurations.

2.3. Adhesion Strength of Ionogels in Harsh Environments

Cohesive, adhesive, and structural failures are three main rea-
sons for decreased adhesion, which is characterized by glue 
strength, strength between glue and adherends, and adherend 
strength, respectively (Figure  3a). Lap-shear tests  were  con-
ducted to assess the adhesion capacity of ionogels onto adher-
ends. In particular, the adhesion strength of the D1H4, D2H3, 
D3H2, and D4H1 ionogels  was  0.97, 0.85, 0.43, and 0.12  MPa 
on polymethyl methacrylate (PMMA), and 0.81, 0.75, 0.41, and 
0.02 MPa on polystyrene (PS), respectively (Figure 3b). By com-
parison, PMMA and PS sheets possessed a fracture strength of 
4.9 and 1.3  MPa (Figure  S14, Supporting Information), much 
higher than the adhesion strength of ionogels onto adherends. 
Therefore, the adhesion failure of ionogels onto PMMA and 
PS adherends  was  mainly because of the adhesive and cohe-
sive break. The D1H4 ionogel bonded PMMA exhibited a high 
adhesion strength and a low displacement, indicating the brittle 
failure (Figure S15, Supporting Information). With more DES, 
displacements of the D1H4 ionogel bonded PMMA largely 
increased, which  was  in accordance with the ductile fracture. 
Optical images demonstrated that ionogels with more DES 
left more residue on the adherend surface (Figure  S16, Sup-
porting Information). Microscopic images showed that the pure 
PMMA sheet possessed a smooth surface, whereas it became 
rough after the D1H4 ionogel was in situ gelled onto its surface 
(Figure  S17¸Supporting Information). Such seamless contact 
between the D1H4 ionogel and the PMMA sheet favored high 
adhesion. Also, ionogels with more DES exhibited a curved 
surface onto the PMMA sheet, which accounted for less sur-
face contact and reduced adhesion. Compared with water-based 
hydrogel adhesive, which failed under extreme temperatures 
due to easy water evaporation or freezing, this ionogel adhesive 
showed high adhesion under both high and subzero tempera-
tures (Figure  S18, Supporting Information), indicating excel-
lent tolerance. Adhesion strengths under 80  °C  were  slightly 
lower than those under −80  °C because high temperature 
increased chain mobility and viscosity (Figure S11, Supporting 
Information).

The D1H4 ionogel possessed an excellent adhesion strength 
(7.8 MPa) on glass, much higher than other DES- and IL-based 
glues, whose adhesion strengths on glass  were  5.8[27] and 
6.8 MPa,[30] respectively (Figure S19a, Supporting Information). 
In addition, the ionogel adhered between the copper sheet and 
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PMMA showed higher adhesion strengths than those on the 
pure PMMA since metal coordinated with functional groups 
of polymers for enhanced molecular interactions (Figure S19b, 
Supporting Information).[43] One recent study demonstrated 
that the charged polymer-based hydrogels showed high adhe-
sion by mimicking slug’s defensive mucus.[11] Similarly, this 
charged zwitterions-based ionogels can form effective bonding 
sites with substrates. Besides, the interpenetrating networks 
can significantly dissipate the peeling energy through cova-
lent bonds, hydrogen interactions, and electrostatic effects 
(Figure  S1b, Supporting Information).[11] Thus, both multiple 
molecular interactions and mechanical stretchability accounted 

for high adhesion of this ionogel.[1] Ionogels also showed 
long-term adhesion after storage at room temperature for 15 
days (Figure  3c). The adhesion strength of the D1H4, D2H3, 
D3H2, and D4H1 ionogel onto PMMA was 1.04, 0.80, 0.29, and 
0.005  MPa; and for PS, the adhesion strength  was  0.78, 0.64, 
0.16, and 0.004 MPa, respectively. Besides ambient conditions, 
the underwater environment also had a negligible influence 
on the high adhesion of the D1H4 ionogels onto an adherend 
(Figure 3d).

The ionogel fully swelled after underwater for 10 h and the 
adhesion strengths dramatically decreased (Figure  S20, Sup-
porting Information), ascribing to the hygroscopicity of DES 

Adv. Funct. Mater. 2023, 33, 2207388

Figure 3.  a) Schematics of the adhesion mechanism between ionogels and adherends. b) The adhesion strength of the DxHy ionogels onto PMMA and 
PS adherends. c) Long-term adhesion of the DxHy ionogel. High adhesion of the D1H4 ionogel onto PMMA and PS adherends in d) water, e) acidic and 
basic solutions, and f) different saline solutions (0.5 m) for 2 h. The error bars in Figure 3b–f represent standard deviation; sample size n = 3. g) The 
D1H4 ionogel bonded between PMMA sheets could lift a 50 lbs kettlebell (I) in air and (II) after immersion in water for 2 h. Scale bar: 5 cm. h) The 
structural integrity of a glass cup made of glass pieces bonded with the ionogel after immersion in water for 2 h. Scale bar: 2 cm.
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and PDMAPS without deteriorating hydrogen bonds.[37,44] How-
ever, for in vivo applications, most adhesives are used on wet 
surfaces,[1] not underwater. Burst pressure is a more important 
parameter for adhesion on wet surfaces. Under such circum-
stances, our ionogel adhesive showed not only high adhesion 
on the wet tissue surface (Figure 5), but also the highest burst 
pressure (Table  S1, Supporting Information), compared with 
recently reported tissue adhesives. Therefore, these characteris-
tics, together with its fast gelation, demonstrate that our ionogel 
is a competitive biomedical adhesive. The D1H4 ionogel bonded 
adherends exhibited a higher adhesion strength after being 
placed in acidic buffer solutions (Figure 3e). Indeed, the addi-
tion of acidic buffer promoted the delocalization of hydrogen 
donors to protonate anions and cations, facilitating multiple 
hydrogen bonds.[34,46]

Besides, the D1H4 ionogel also exhibited a high adhesion 
strength in different saline solutions (Figure  3f). The D1H4 
ionogel bonded PMMA showed adhesion strengths of 1.28, 1.12, 
and 1.30 MPa after storage in lithium chloride (LiCl), calcium 
chloride (CaCl2), and magnesium chloride (MgCl2) for 2  h, 
respectively. Adhesion strengths onto PS adherends were 1.05, 
1.00, and 1.12 MPa for LiCl, CaCl2, and MgCl2 saline solutions, 
respectively. Saline solution affected the adhesion strength of 
ionogels through coordination interactions. Li+ has the smallest 
cation radius, which favors strong ion-dipole interactions 
between Li+ and functional groups (e.g., hydroxyl and amino 
groups) of the ionogel. Besides coordination interactions, the 
hydration effect was  another significant factor influencing the 
underwater adhesion of adhesives. If saline ions bonded with 
more water to reduce its activity, then the water had less chance 
to contact adhesives directly.[15] LiCl, which displays high hydra-
tion enthalpy (−520  kJmol−1) and high solubility (>13  m),[47] 
could strongly bond water; therefore, solvents had a negligible 
influence on the adhesion. Mg2+ shares a similar bivalent charge 
as Ca2+; however, the smaller ionic radius of Mg2+ indicated 
higher coordination interactions and lower water activity,[47] 
which contributed more to the adhesion strength of the iono-
gels. The D1H4 ionogel bonded PMMA could lift a 50  lbs ket-
tlebell, and such high-weight bearing capacity was also retained 
after immersing the ionogel bonded PMMA in water for 2  h 
(Figure  3g). The highly adhesive D1H4 ionogel could also be 
used to bond several pieces of glass together and create a glass 
cup (Figure 3h). Even when the stained water was stored within 
the cup for 2  h, the cup retained its original shape without 
water leakage. Together, these results provided possibilities for 
industrial packing and marine engineering applications.

2.4. In Situ Fast Gelation and High Adhesion of the Ionogels in 
Water and Acidic Solutions

Considering the high hygroscopicity of the DES and DMAPS, 
and multiple dynamic interactions within precursors, ionogels 
possessed in situ fast gelation underwater (Figure 4a). Initially, 
highly viscous liquid filaments  were  extruded into the water; 
however, a bulk of aggregated gel formed upon UV exposure 
(30  s), indicating fast gelation underwater. Water had almost 
no influence on the gelation dynamics of ionogels, thus con-
firming the fast sol–gel transformation process (Figure  4b; 

Figure S21, Supporting Information). Modulus of the ionogels 
gelled underwater also showed similar values to those gelled 
under ambient conditions (Figure  4c). Ionogels  were  also 
applied onto PMMA adherends in water and acidic solutions to 
assess their adhesive properties in harsh environments. Adhe-
sion strengths of the D1H4 ionogel onto PMMA in water and 
acidic solutions were both 0.86 MPa, and these values for the 
D2H3, D3H2, and D4H1 ionogels were 0.57, 0.37, and 0.009 MPa, 
respectively (Figure  4d,e). There  was  no significant difference 
in adhesion strength compared to ionogels formed in ambient 
conditions. Both fast gelation capacity and multiple dynamic 
interactions of ionogels were responsible for the high adhesion 
strength in water and acidic solutions.

The comparison between the proposed ionogel and 
six recently developed adhesives is summarized in 
Figure  4f.[18,48–52] Although the polyurethane adhesive showed 
high adhesion, high pressure (8  N  cm−2) and tedious pro-
cessing procedures were required to form the bonding layer.[48] 
The photocurable catechol-grafted hyaluronic acid showed 
easy oxidation of catechol groups, resulting in decreased adhe-
sion.[49] The hydrogel adhesives showed a lower adhesion 
(<300  kPa), thus limiting their usage scenarios.[18,50,51] The 
glue based on acidic ingredients, including poly(acrylic acid), 
polyvinylbenzenesulfonic acid, and poly(itaconic acid), faced 
possible acid leakage, resulting in adherends damage.[52] In 
contrast, the novel ionogel demonstrated fast gelation, strong 
adhesion strength under ambient and harsh conditions, and 
wide pH usage ranges. The ionogel could also be in situ gelled 
to prevent water leakage (Figure  4g). After UV exposure for 
100 s, the D1H4 ionogel tightly bonded onto the polypropylene 
container surface to form the sealing layer. Even after storage 
under ambient conditions for 2 h, water height in the vessel did 
not show obvious variations, indicating strong and long-term 
adhesion of the ionogel in water.

2.5. Burst Pressure, In Vitro Biocompatibility, and Adhesion of 
the Ionogel onto Soft Tissues

Besides high adhesion strength, ionogels also demonstrated 
high burst pressure (Figure 5a). The D1H4 ionogel applied onto 
collagen sheets formed strong bonding in situ, and even upon 
an air pressure of 120  kPa, negligible expansion in the shape 
of the ionogel occurred, which indicated both high mechanical 
property and strong adhesion. Burst pressure  was  inversely 
proportional to DES amounts in the ionogels (Figure S22, Sup-
porting Information), and values for the D1H4, D2H3, D3H2, 
and D4H1 ionogels were 129.0, 73.4, 40.0, and 16.2 kPa, respec-
tively (Figure 5b). Due to enhanced intermolecular interactions 
and strong hygroscopicity of DES and PDMAPS, the D1H4 
ionogel showed high burst pressure in water and acidic solu-
tions (Figure S23, Supporting Information). Burst pressures of 
the D1H4 ionogel  were  103.2, 81.27, 64.83, and 37.53  kPa after 
being immersed in water for 15, 30, 45, and 60  min, respec-
tively (Figure  5c). Burst pressure decreased with increased 
immersion time due to decomposition of the bonding layer 
and thus resulting in poor mechanical and adhesion proper-
ties. Importantly, acidic solutions had a negligible influence 
on the burst pressure of the D1H4 ionogel. Furthermore, D1H4 

Adv. Funct. Mater. 2023, 33, 2207388
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and D2H3 ionogels were used to assess the in vitro biocompat-
ibility of the novel ionogels. Both fluorescence and bright-field 
images showed the cell viability of HaCaT cells when being 
cultured without ionogel, and with D1H4 ionogel or D2H3 
ionogel samples (Figure  5d; Figure  S24, Supporting Informa-
tion). Further quantification showed that the cell confluency 
without ionogel, and with D1H4 ionogel or D2H3 ionogel sam-
ples showed a 300% increase from day 1 to day 3 (Figure 5e). 
Besides, no significant difference  was  observed between sam-
ples. Indeed, cell metabolic activity without ionogel, and with 
D1H4 ionogel or D2H3 ionogel samples increased by 1.9-, 1.8-, 
and 1.7-fold by day 3 (Figure  5f). Similar in vitro biocompat-
ibility results  were  obtained when the cell insert  was  used 

(Figure  S25, Supporting Information). After day 3, cell meta-
bolic activity increased by 1.8-, 2.1-, and 1.8-fold without ionogel, 
and with D1H4 ionogel or D2H3 ionogel samples compared 
to day 1. Lastly, considering its high mechanical compli-
ance and burst pressure, the D1H4 ionogel could be applied 
to a punctured rabbit stomach and gelled in situ to seal the 
hole (Figure  5g). Initially, water came out from the puncture, 
but the D1H4 ionogel rapidly gelled on the soft tissues of the 
stomach and sealed the puncture, thus preventing water 
leakage (Figure  5h). Rabbit intestine  was  also used to assess 
the burst pressure of ionogels on tissues. Initially, the intes-
tine with a puncture  was  leaking upon air inflation. After the 
ionogel  was  applied and in situ gelled, the intestine showed 

Figure 4.  a) In situ fast gelation of the D1H4 ionogel underwater. Scale bar: 2 cm. b) Modulus variations of the D1H4 ionogel during gelation underwater. 
c) Gelation time and storage modulus of ionogels gelled underwater. The adhesion strength of the ionogel formed d) underwater and e) in acidic 
solution (pH 1.68). The error bars represent standard deviation; sample size n = 3 in (c–e). f) Comparison between the ionogel and recently developed 
adhesives. g) Images showing in situ fast blocking of water leakage by the D1H4 ionogel.
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Figure 5.  a) Images show negligible expansion of the D1H4 ionogel after air inflation. Scale bar: 1 cm. b) Burst pressure of DxHy ionogels. c) Burst 
pressure of the D1H4 ionogel placed in water and acidic solutions (pH 1.68) for a certain time. The error bars represent standard deviation; sample 
size n = 3 in (b) and (c). d) Fluorescence images of human immortalized keratinocytes (HaCaT) cells without ionogel (I and IV), and with D1H4 ionogel 
(II and V) or D2H3 ionogel (III and VI) samples. Images I to III referred to day 1, and images IV to VI referred to day 3. The green and red colors 
represent live and dead cells, respectively. Scale bar: 200 µm. e) Percentage confluency and f) cell metabolic activity of HaCaT cells without ionogel, 
and with D1H4 ionogel or D2H3 ionogel samples. Student’s t-tests were performed for significance test (n.s <0.01). g) Schematic showing the in situ 
gelation of the D1H4 ionogel onto a punctured rabbit stomach to prevent liquid leakage. h) Images to show the sealing capacity of the D1H4 ionogel to 
prevent leakage from the stomach. Scale bar: 4 cm. i) Rabbit intestine with (I) puncture and (II) the D1H4 ionogel onto puncture shows air leakage and 
an expanded shape upon air inflation, respectively. Scale bar: 0.5 cm. j) Burst pressure of the DxHy ionogels adhered onto rabbit intestines. The error 
bars represent standard deviation; sample size n = 3 in (j).
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large expansion, indicating the successful sealing of the punc-
ture (Figure 5i). Burst pressure of the D1H4, D2H3, D3H2, and 
D4H1 ionogels onto the rabbit intestine was 41.77, 27.50, 15.90, 
and 7.20  kPa, respectively (Figure  5j). Table  S1 (Supporting 
Information) showed that the ionogel exhibited unparalleled 
advantages in mechanical stretchability, burst pressure, adhe-
sion strength, and ubiquitous usage in various harsh environ-
ments. These results demonstrated the great potential of this 
ionogel for medical adhesives and other applications.

3. Conclusion

This work demonstrates a new ionogel containing zwitteri-
onic PDMAPS and polarized PHEAA, which is prepared in the 
DES medium through the one-step photopolymerization. The 
ionogel exhibits fast gelation and high adhesion in the absence 
of external pressure due to strong intra- and intermolecular 
interactions. Strong bonding in harsh environments (e.g., 
water, acidic and basic solutions, different saline solutions, and 
brimming surfaces) was achieved by this ionogel. Besides, gela-
tion time and adhesion strength of the ionogel in water and 
acid did not change significantly, highlighting its widespread 
usage even underwater. The biocompatible ionogel in situ 
gelled on punctured stomach and intestine tissues could suc-
cessfully prevent liquid leakage due to the high burst pressure. 
We envision that this mechanically strong and adhesive ionogel 
is promising in the field of bioengineering, medical adhesives, 
soft human–machine interfaces, and flexible electronics.
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from the author.
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