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Abstract: Hydrogel adhesives are attractive for applications in intelligent soft materials and tissue
engineering, but conventional hydrogels usually have poor adhesion. In this study, we designed a
strategy to synthesize a novel adhesive with a thin hydrogel adhesive layer integrated on a tough
substrate hydrogel. The adhesive layer with positive charges of ammonium groups on the polymer
backbones strongly bonds to a wide range of nonporous materials’ surfaces. The substrate layer
with a dual hydrogen bond system consists of (i) weak hydrogen bonds between N,N-dimethyl
acrylamide (DMAA) and acrylic acid (AAc) units and (ii) strong multiple hydrogen bonds between
2-ureido-4[1H]-pyrimidinone (UPy) units. The dual hydrogen-bond network endowed the hydrogel
adhesives with unique mechanical properties, e.g., toughness, highly stretchability, and insensitivity
to notches. The hydrogel adhesion to four types of materials like glass, 316L stainless steel, aluminum,
Al2 O3 ceramic, and two biological tissues including pig skin and pig kidney was investigated. The
hydrogel bonds strongly to dry solid surfaces and wet tissue, which is promising for biomedical
applications.
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1. Introduction
Hydrogel adhesives that forms quick, strong, and reversible adhesion to biological
tissues are attractive for actuators [1,2], electronics [3], and biomedical applications [4–6].
They are elastic and flexible and provide a biocompatible interface [7]. However, because
hydrogel contains a large volume of water, and because their adhesion to wet solid surfaces
takes place by various subtle factors like local physical and chemical interactions including
ion interactions [8], hydrogen bonding [9,10], metal coordination [11], topology [12–14],
and matrix mechanical properties, to achieve strong wet adhesion remains challenging.
For example, fibrin glue [15] and polyethylene glycol-based adhesives [16] form covalent
bonds with tissues, but the poor mechanical strength of the hydrogels restrains practical
use [17].
Marine mussels bond fast and strongly to rock surfaces in the seawater. They illustrate the key factors for strong wet bonding. The catechol structures from the precursor
3,4-dihydroxyphenyl-l-alanine (DOPA) in mussel foot proteins have been identified to
mediate the robust bonding [18]. Catechol forms coordination bonds with oxides on the
surface of mineral substrates [19]. These strong interactions give rise to a high interfacial
attraction. Catechols form H-bonds [20,21] and can be oxidized into quinones to crosslink
the proteins. They also coordinate with metal ions like Ca2+ , Zn2+ , and Fe3+ [22,23], which
enhances cohesive strength. Both the interface and matrix play a critical role in achieving
tough bonding. These results show that hydrogel adhesives should not only have strong
microscopic interfacial interaction with the substrate but also tough matrix macroscopic
mechanical properties to sustain the load and dissipate the energy.
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Inspired by the mussels’ biological events, several approaches have been followed to
improve the hydrogel adhesion by optimizing the surface chemistry and hydrogel matrix.
Biomimetic moieties containing catechol units [24–26], polydopamine [27,28], polyelectrolytes [8,29,30], and reactive chemical groups like N-hydroxysuccinimide (NHS) [31,32]
were incorporated into the hydrogels to enhance adherence. Barrett et al. reported that the
hydrogel of PEO-PPO-PEO endcapped with catechols [33,34] adhered to hydrated tissue
surfaces. Lapitsky and co-workers prepared a gel from cationic polyallylamine crosslinked
by phosphate anions [35,36]. Recently, hydrogels with high strength and toughness, e.g.,
double network (DN) hydrogels, were reported as the substrate for the hydrogel adhesive.
Yuk et al. [37] chemically anchored the polymer chains of an alginate-polyacrylamide
(Alg-PAAm) DN hydrogel to solid surfaces using silane modification and EDC chemistry.
Li et al. [38] reported a hydrogel adhesive by grafting polymers onto the surface of an
Alg-PAAm DN hydrogel. These tough Alg-PAAm DN hydrogels worked as structural
support and contributed to the energy dissipating in the peeling process, which led to high
adhesion.
In this study, we designed a double-layer (DL) hydrogel with a thin adhesive layer
on a tough hydrogel substrate. A surface layer with positive charged ammonium groups
(2-(acryloyloxyethyl) trimethylammonium chloride, AEtMA-Cl) was prepared. In contrast to prior approaches that used DN hydrogels, we synthesized a tough hydrogel that
consisted of dual hydrogen bond networks. One network involved acrylic acid (AA) and
N,N-dimethyl acrylamide (DMAA) and the other one involved UPy moieties that form
quadruple hydrogel bonds. Such a type of dual hydrogen-bond networks rendered the
matrix substrate a high toughness [39]. The hydrogels’ adhesive properties to different
material surfaces and biological tissues were studied.
2. Results and Discussion
2.1. Synthesis of the Double-Layer Hydrogel
The adhesive consisted of two layers, the bottom layer and the top adhesive layer.
The hydrogel substrate was synthesized by free radical copolymerization of N,N-dimethyl
acrylamide, acrylic acid, and 2-(3-(6-methyl-4-oxo-1,4-dihydropyrimidin-2-yl) ureido) ethyl
acrylate in aqueous solution. Under UV irradiation, the solution changed into a gel within
5 min. At that time the bulk became a gel, but its surface remained viscous with monomers
not fully consumed. The monomer solution (2-(acryloyloxyethyl) trimethylammonium
chloride) to build the adhesive layer was added quickly onto the top of the substrate layer,
and the polymerization was continued under UV irradiation. These monomer molecules
bearing ammonium groups were used to build the adhesive layer because such positively
charged moieties favorably interact with the carboxylate groups of acrylic acid entities,
strengthening interfacial bonding. The reactant-carrying ammonium groups diffused into
the soft and viscous liquid phase of the superficial layer and then polymerized. After the
reaction was continued for another 60 min, the top layer hydrogel was formed and merged
with the substrate layer to give one single gel (Figure 1a).
2.2. Hydrogen Bonds between DMAA and AAc Units
The dimethyl amide group is a strong hydrogen-bond acceptor, whereas acrylic acid is
a potent hydrogen-bond donor. The amide groups on PDMAA are able to form hydrogen
bonds with the carboxylic acid groups (Figure 1b). To confirm the hydrogen bonds between
AA and DMAA, we prepared the poly(acrylic acid), poly(N,N-dimethyl acrylamide), and
their copolymers. In the FT-IR spectra, the peaks observed were at 3350 cm−1 corresponding
to the -OH stretching of the carboxylic acid unit. Bending vibrations of CH2 groups into the
main polymer chains give an absorption band at 1460 cm−1 . The absorption band located
at 2935 cm−1 was ascribed to stretching vibrations of the CH groups of the acrylate units.
The absorbance at 1610 cm−1 was attributed to the C=O groups of the acrylamide units.
The formation of hydrogen bonding and other molecular interactions affect the position of
the involved peaks. The wavenumber of the C=O peak decreased from 1610 to 1590 cm−1 .
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Figure 1. (a) Actual image of a DL hydrogel sample. The top adhesive layer was yellow-stained. (b) IR spectra of polyacrylic
acid, poly(N,N-dimethyl acrylamide), and poly(DMAA-co-AA). (c) Schematic representation of dual hydrogen-bond
networks.
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Air voids or cracks in the hydrogel generally downgrade the mechanical properties.
If a small crack exists, it will quickly propagate and multiply in the hydrogel under
stress, which leads to macroscopic failure. By introducing dual hydrogen bonds into
the polymer network, our hydrogel displayed an excellent notch-insensitive property
(Figure 2c). A crack of 6 mm in length was made in the DL hydrogel specimen (L = 25 mm,
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Figure 4. Photographs of the hydrogel bonded to pig skin (a) in the state of dangling, (b,c) being
bent, and (d) twisted. Photographs of hydrogel adhesive adhered to pig kidney. (e) A notch was
bent, and (d) twisted. Photographs of hydrogel adhesive adhered to pig kidney. (e) A notch was
made in the pig kidney. (f) Hydrogel bonds to the pig kidney surface and connects the two sides.
made in the pig kidney. (f) Hydrogel bonds to the pig kidney surface and connects the two sides.

The interfacial adhesion of this double-layer hydrogel depends on the polymer concentration in the AEtMA-Cl-based hydrogel. The adhesion strength increased by 14.8 times
when the polymer concentration increased from 10 to 60%. When it was 60%, the hydrogel’s adhesion strength was comparable to that of the chemically modified Alg-PAAm DN
hydrogel (ca. 1100 N/m) [37]. Alg-PAAm DN hydrogel is a typical tough hydrogel with
two chemically crosslinked networks. One network is strong and rigid and the other is soft.
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The soft network breaks under load and dissipates energy. In this double-layer hydrogel
adhesive, the substrate hydrogel had two distinct hydrogen-bond networks. The weak one
dissociates under load and endows the substrate gel with toughness. The tough substrate
and highly adhesive top layer worked synergistically to gain robust bonding.
Although the hydrogel is not biodegradable, it is a promising hemostat material. It is
flexible, stretchable, and notch-insensitive, which is beneficial to skin wound treatment.
Fast bonding and instant bleeding control can be obtained by quickly applying this gel to
the wound lesion. Enzymes like thrombin [48] and antibacterial nanoparticles like ZnO [49]
can be incorporated into the gel to promote wound healing.
3. Experimental
3.1. Materials
AEtMA-Cl, N,N-dimethylacrylamide (98%), acrylic acid, N,N’-methylenebis(acrylamide)
(MBA), α-ketoglutaric acid, and Triton X-100 were purchased from Sigma-Aldrich (Tansoole,
China) and used without further purification. 2-(3-(6-methyl-4-oxo-1,4-dihydropyrimidin-2yl) ureido) ethyl acrylate was synthesized according to a protocol reported elsewhere [48].
3.2. Synthesis of DL Hydrogel
The P(AA-AAm) DL adhesive samples were fabricated as follows. First, the hydrogel
substrate was synthesized by free radical copolymerization of N,N-dimethylacrylamide
(9.26 g), acrylic acid (6.74 g), 2-(3-(6-methyl-4-oxo-1,4-dihydropyrimidin-2-yl) ureido) ethyl
acrylate (0.62 g), surfactant Triton X-100 (0.1 g), and α-ketoglutaric acid (0.1 g) as the
photoinitiator in distilled water (23.2 mL). The mixture was sonicated for 30 min to give a
clear solution. The aqueous solution (40 mL) was purged with nitrogen gas to replace O2 in
the system for 30 min. Then, the solution was cast into a cubic plastic box (11 × 9 × 1 cm3 ),
and the polymerization reaction was initiated by UV irradiation (λ = 365 nm). The reactant
solution became a viscous solid within 2–3 min, then a 10 mL solution consisting of AEtMACl (6.0 g), N,N’-methylene bisacrylamide (MBA) (0.05 g), and distilled water (4 mL) was
added onto the substrate surface and was irradiated by UV for another 1 h. After the
double-layer hydrogel was formed, the samples were sealed in a plastic bag and then
placed into an oven overnight at 50 ◦ C.
3.3. FT-IR
The samples were synthesized in aqueous solutions (1 wt%), coated on KBr, and dried
in a vacuum oven to the constant weight. IR spectra were acquired in the wavenumber
range of 1200 to 4000 cm−1 (FT-IR instrument, Nicolet 6700, Madison, WI, USA).
3.4. Mechanical Properties
Rectangular specimens (30 × 15 × 1.5 mm3 ) coated with silicone oil were stretched
by an Instron machine (model 3342 with a load cell of maximum 2000 N). For notched
samples, an edge crack of 6 mm length was cut in the middle of the specimen by using a
razor blade. The stretch rate was fixed at 25 mm·min−1 .
3.5. Interfacial Toughness Measurement
The peeling strength between the hydrogel and substrates was measured using a
standard 90◦ peeling test (ASTM D6862) with a mechanical testing machine (Instron, MA,
US, model 3342 with a load cell maximum of 2000 N). A sample with a gel layer coating
thickness of 1.0 mm was cut to specific dimensions (length: 75 mm and width: 25 mm). To
prevent stretching of the adhesive gel, 3M VHB4910 tape with the release film was bonded
onto the surface of the AEtMA-Cl-based hydrogel. The peeling tests were performed at a
constant peeling velocity of 25 mm·min−1 . When the measured force reached a plateau, the
value was treated as the peeling force. The peeling strength was determined by dividing
the peeling force by the width of the sample.
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3.6. Attachment of DL Adhesive to Tissues
For the use of pig heart and kidney wound dressing, a notch (20 mm) was made with
a blade. The DL hydrogel adhesive of 25 mm width was applied with compression for 30 s.
4. Conclusions
In summary, we successfully designed a double-layer hydrogel adhesive using a
biomimetic priming adhesive layer to enhance bonding performance and a substrate layer
to enhance the matrix strength and toughness. Our simple method relied on the partial
diffusion of the superficial adhesive layer into the tough substrate layer and merging
them into one single bulk hydrogel. The hydrogel substrate was demonstrated to be
stretchable, tough, and notch-insensitive. The AEtMA-Cl-based layer bonded strongly to
the various nonporous surfaces, whereas the substrate provided strong structural support.
Tough bonding to various solid surfaces like glass, Al2 O3 ceramic, and stainless steel was
successful. The hydrogel also bonded to tissues like pig skin and pig kidney. This hydrogel
has a useful potential for designing biomedical materials.
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authors have read and agreed to the published version of the manuscript.
Funding: This research was funded by National Natural Science Foundation of China, (No. 21207095),
Ningbo Natural Science Foundation (No. 2018A610356, 2016A610099), Sanmen Municipal Science and Technology Bureau (No. TN202003), and Department of Education of Zhejiang Province
(No. y201327376).
Institutional Review Board Statement: Ethical review and approval were waived for this study,
because our institution does not require these for case reports.
Data Availability Statement: The data presented in this study are available on request from the
corresponding author.
Conflicts of Interest: The authors declare no competing financial interest.
Sample Availability: Samples of DL hydrogels are available from the authors.

References
1.
2.
3.

4.
5.
6.
7.
8.
9.

10.
11.

12.

Keplinger, C.; Sun, J.-Y.; Foo, C.C.; Rothemund, P.; Whitesides, G.M.; Suo, Z. Stretchable, Transparent, Ionic Conductors. Science
2013, 341, 984–987. [CrossRef]
Roche, E.T.; Wohlfarth, R.; Overvelde, J.T.B.; Vasilyev, N.V.; Pigula, F.A.; Mooney, D.J.; Bertoldi, K.; Walsh, C.J. A Bioinspired Soft
Actuated Material. Adv. Mat. 2014, 26, 1200–1206. [CrossRef]
Feiner, R.; Engel, L.; Fleischer, S.; Malki, M.; Gal, I.; Shapira, A.; Shacham-Diamand, Y.; Dvir, T. Engineered hybrid cardiac patches
with multifunctional electronics for online monitoring and regulation of tissue function. Nat. Mater. 2016, 15, 679–685. [CrossRef]
[PubMed]
Moretti, M.; Wendt, D.; Schaefer, D.; Jakob, M.; Hunziker, E.; Heberer, M.; Martin, I. Structural characterization and reliable
biomechanical assessment of integrative cartilage repair. J. Biomech. 2005, 38, 1846–1854. [CrossRef] [PubMed]
Prausnitz, M.R.; Langer, R. Transdermal drug delivery. Nat. Biotechnol. 2008, 26, 1261–1268. [CrossRef] [PubMed]
Sharma, B.; Fermanian, S.; Gibson, M.; Unterman, S.; Herzka, D.A.; Cascio, B.; Coburn, J.; Hui, A.Y.; Marcus, N.; Gold, G.E.; et al.
Human Cartilage Repair with a Photoreactive Adhesive-Hydrogel Composite. Sci. Transl. Med. 2013, 5, 167ra6. [CrossRef]
Peng, H.T.; Shek, P.N. Novel wound sealants: Biomaterials and applications. Expert. Rev. Med. Devices 2010, 7, 639–659. [CrossRef]
Roy, C.K.; Guo, H.L.; Sun, T.L.; Bin Ihsan, A.; Kurokawa, T.; Takahata, M.; Nonoyama, T.; Nakajima, T.; Gong, J.P. Self-Adjustable
Adhesion of Polyampholyte Hydrogels. Adv. Mater. 2015, 27, 7344–7348. [CrossRef]
Faghihnejad, A.; Feldman, K.E.; Yu, J.; Tirrell, M.V.; Israelachvili, J.N.; Hawker, C.J.; Kramer, E.J.; Zeng, H. Adhesion and Surface
Interactions of a Self-Healing Polymer with Multiple Hydrogen-Bonding Groups. Adv. Funct. Mater. 2014, 24, 2322–2333.
[CrossRef]
Kim, K.; Shin, M.; Koh, M.-Y.; Ryu, J.H.; Lee, M.S.; Hong, S.; Lee, H. TAPE: A Medical Adhesive Inspired by a Ubiquitous
Compound in Plants. Adv. Funct. Mater. 2015, 25, 2402–2410. [CrossRef]
Zhao, X.; Liang, Y.; Huang, Y.; He, J.; Han, Y.; Guo, B. Physical Double-Network Hydrogel Adhesives with Rapid Shape
Adaptability, Fast Self-Healing, Antioxidant and NIR/pH Stimulus-Responsiveness for Multidrug-Resistant Bacterial Infection
and Removable Wound Dressing. Adv. Funct. Mater. 2020, 30, 1910748. [CrossRef]
Autumn, K. Gecko Adhesion: Structure, Function, and Applications. MRS Bull. 2007, 32, 473–478. [CrossRef]

Molecules 2021, 26, 2688

13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.

25.

26.
27.
28.
29.

30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.

9 of 10

Cho, H.; Wu, G.; Jolly, J.C.; Fortoul, N.; He, Z.; Gao, Y.; Jagota, A.; Yang, S. Intrinsically reversible superglues via shape adaptation
inspired by snail epiphragm. Proc. Natl. Acad. Sci. USA 2019, 116, 13774–13779. [CrossRef] [PubMed]
Lee, H.; Lee, B.P.; Messersmith, P.B. A reversible wet/dry adhesive inspired by mussels and geckos. Nat. Cell Biol. 2007, 448,
338–341. [CrossRef] [PubMed]
Sierra, D.H. Fibrin Sealant Adhesive Systems: A Review of Their Chemistry, Material Properties and Clinical Applications. J.
Biomater. Appl. 1993, 7, 309–352. [CrossRef]
Serban, M.A.; Panilaitis, B.; Kaplan, D.L. Silk fibroin and polyethylene glycol-based biocompatible tissue adhesives. J. Biomed.
Mater. Res. Part A 2011, 98, 567–575. [CrossRef] [PubMed]
Dastjerdi, A.K.; Pagano, M.; Kaartinen, M.; McKee, M.; Barthelat, F. Cohesive behavior of soft biological adhesives: Experiments
and modeling. Acta Biomater. 2012, 8, 3349–3359. [CrossRef] [PubMed]
Wang, J.; Tahir, M.N.; Kappl, M.; Tremel, W.; Metz, N.; Barz, M.; Theato, P.; Butt, H.-J. Influence of Binding-Site Density in Wet
Bioadhesion. Adv. Mater. 2008, 20, 3872–3876. [CrossRef]
Abugazleh, M.K.; Rougeau, B.; Ali, H. Adsorption of catechol and hydroquinone on titanium oxide and iron (III) oxide. J. Environ.
Chem. Eng. 2020, 8, 104180. [CrossRef]
Seo, S.; Lee, D.W.; Ahn, J.S.; Cunha, K.; Filippidi, E.; Ju, S.W.; Shin, E.; Kim, B.-S.; Levine, Z.A.; Lins, R.D.; et al. Significant
Performance Enhancement of Polymer Resins by Bioinspired Dynamic Bonding. Adv. Mater. 2017, 29, 1703026. [CrossRef]
Gebbie, M.A.; Wei, W.; Schrader, A.M.; Cristiani, T.R.; Dobbs, H.A.; Idso, M.; Chmelka, B.F.; Waite, J.H.; Israelachvili, J.N. Tuning
underwater adhesion with cation–π interactions. Nat. Chem. 2017, 9, 473. [CrossRef] [PubMed]
Yu, M.; Hwang, A.J.; Deming, T.J. Role ofl-3,4-Dihydroxyphenylalanine in Mussel Adhesive Proteins. J. Am. Chem. Soc. 1999, 121,
5825–5826. [CrossRef]
Braun, M.; Menges, M.; Opoku, F.; Smith, A.M. The relative contribution of calcium, zinc and oxidation-based cross-links to the
stiffness of Arion subfuscus glue. J. Exp. Biol. 2013, 216, 1475–1483. [CrossRef]
Shin, J.; Lee, J.S.; Lee, C.; Park, H.-J.; Yang, K.; Jin, Y.; Ryu, J.H.; Hong, K.S.; Moon, S.-H.; Chung, H.-M.; et al. Tissue Adhesive
Catechol-Modified Hyaluronic Acid Hydrogel for Effective, Minimally Invasive Cell Therapy. Adv. Funct. Mat. 2015, 25,
3814–3824. [CrossRef]
Kan, Y.; Danner, E.W.; Israelachvili, J.N.; Chen, Y.; Waite, J.H. Boronate Complex Formation with Dopa Containing Mussel
Adhesive Protein Retards pH-Induced Oxidation and Enables Adhesion to Mica. PLoS ONE 2014, 9, e108869. [CrossRef]
[PubMed]
North, M.A.; Del Grosso, C.A.; Wilker, J.J. High Strength Underwater Bonding with Polymer Mimics of Mussel Adhesive Proteins.
ACS Appl. Mater. Interfaces 2017, 9, 7866–7872. [CrossRef]
Lane, D.D.; Kaur, S.; Weerasakare, G.M.; Stewart, R.J. Toughened hydrogels inspired by aquatic caddisworm silk. Soft Matter
2015, 11, 6981–6990. [CrossRef]
Yu, Q.; Zhang, C.; Jiang, Z.; Qin, S.; Zhang, A. Mussel-Inspired Adhesive Polydopamine-Functionalized Hyaluronic Acid
Hydrogel with Potential Bacterial Inhibition. Glob. Chall. 2019, 4, 1900068. [CrossRef] [PubMed]
Ahn, B.K.; Das, S.; Linstadt, R.T.H.; Kaufman, Y.; Martinez-Rodriguez, N.R.; Mirshafian, R.; Kesselman, E.; Talmon, Y.; Lipshutz,
B.H.; Israelachvili, J.N.; et al. High-performance mussel-inspired adhesives of reduced complexity. Nat. Commun. 2015, 6, 1–7.
[CrossRef]
Shao, H.; Bachus, K.N.; Stewart, R.J. A Water-Borne Adhesive Modeled after the Sandcastle Glue of P. californica. Macromol.
Biosci. 2008, 9, 464–471. [CrossRef] [PubMed]
Ghobril, C.; Charoen, K.; Rodriguez, E.K.; Nazarian, A.; Grinstaff, M.W. A Dendritic Thioester Hydrogel Based on Thiol–Thioester
Exchange as a Dissolvable Sealant System for Wound Closure. Angew. Chem. 2013, 52, 14070–14074. [CrossRef] [PubMed]
Kim, K.D.; Ramanathan, D.; Highsmith, J.; Lavelle, W.; Gerszten, P.; Vale, F.; Wright, N. DuraSeal Exact Is a Safe Adjunctive
Treatment for Durotomy in Spine: Postapproval Study. Glob. Spine J. 2019, 9, 272–278. [CrossRef]
Barrett, D.G.; Bushnell, G.G.; Messersmith, P.B. Mechanically Robust, Negative-Swelling, Mussel-Inspired Tissue Adhesives. Adv.
Heal. Mater. 2013, 2, 745–755. [CrossRef]
Maier, G.P.; Rapp, M.V.; Waite, J.H.; Israelachvili, J.N.; Butler, A. Adaptive synergy between catechol and lysine promotes wet
adhesion by surface salt displacement. Science 2015, 349, 628–632. [CrossRef]
Huang, Y.; Lawrence, P.G.; Lapitsky, Y. Self-Assembly of Stiff, Adhesive and Self-Healing Gels from Common Polyelectrolytes.
Langmuir 2014, 30, 7771–7777. [CrossRef] [PubMed]
Lawrence, P.G.; Lapitsky, Y. Ionically Cross-Linked Poly(allylamine) as a Stimulus-Responsive Underwater Adhesive: Ionic
Strength and pH Effects. Langmuir 2015, 31, 1564–1574. [CrossRef] [PubMed]
Yuk, H.; Zhang, T.; Lin, S.; Parada, G.A.; Zhao, X. Tough bonding of hydrogels to diverse non-porous surfaces. Nat. Mater. 2016,
15, 190–196. [CrossRef] [PubMed]
Li, J.; Celiz, A.D.; Yang, J.; Yang, Q.; Wamala, I.; Whyte, W.; Seo, B.R.; Vasilyev, N.V.; Vlassak, J.J.; Suo, Z.; et al. Tough adhesives
for diverse wet surfaces. Science 2017, 357, 378–381. [CrossRef] [PubMed]
You, Y.; Yang, J.; Zheng, Q.; Wu, N.; Lv, Z.; Jiang, Z. Ultra-stretchable hydrogels with hierarchical hydrogen bonds. Sci. Rep. 2020,
10, 1–8. [CrossRef]
Hao, M.-H. Theoretical Calculation of Hydrogen-Bonding Strength for Drug Molecules. J. Chem. Theory Comput. 2006, 2, 863–872.
[CrossRef]

Molecules 2021, 26, 2688

41.
42.
43.
44.
45.
46.
47.
48.
49.

10 of 10

Beijer, F.H.; Sijbesma, R.P.; Kooijman, H.; Spek, A.L.; Meijer, E.B. Strong Dimerization of Ureidopyrimidones via Quadruple
Hydrogen Bonding. J. Am. Chem. Soc. 1998, 120, 6761–6769. [CrossRef]
Sijbesma, R.P.; Meijer, E.B. Quadruple hydrogen bonded systems. Chem. Commun. 2002, 1, 5–16. [CrossRef] [PubMed]
Söntjens, S.H.M.; Sijbesma, R.P.; van Genderen, A.M.H.P.; Meijer, E.W. Stability and Lifetime of Quadruply Hydrogen Bonded
2-Ureido-4[1H]-pyrimidinone Dimers. J. Am. Chem. Soc. 2000, 122, 7487–7493. [CrossRef]
Sun, J.-Y.; Zhao, X.; Illeperuma, W.R.K.; Chaudhuri, O.; Oh, K.H.; Mooney, D.J.; Vlassak, J.J.; Suo, Z. Highly stretchable and tough
hydrogels. Nat. Cell Biol. 2012, 489, 133–136. [CrossRef] [PubMed]
Derail, C.; Allal, A.; Marin, G.; Tordjeman, P. Relationship between Viscoelastic and Peeling Properties of Model Adhesives. Part
1. Cohesive Fracture. J. Adhes. 1997, 61, 123–157. [CrossRef]
Webber, R.E.; Creton, C.; Brown, H.R.; Gong, J.P. Large Strain Hysteresis and Mullins Effect of Tough Double-Network Hydrogels.
Macromolecules 2007, 40, 2919–2927. [CrossRef]
Beharaj, A.; Ekladious, I.; Grinstaff, M.W. Poly(Alkyl Glycidate Carbonate)s as Degradable Pressure-Sensitive Adhesives. Angew.
Chem. 2019, 58, 1407–1411. [CrossRef]
Keizer, H.H.; Van Kessel, R.; Sijbesma, R.R.; Meijer, E.B. Scale-up of the synthesis of ureidopyrimidinone functionalized telechelic
poly(ethylenebutylene). Polymer 2003, 44, 5505–5511. [CrossRef]
Bal-Ozturk, A.; Karal-Yilmaz, O.; Akguner, Z.P.; Aksu, S.; Tas, A.; Olmez, H. Sponge-like chitosan-based nanostructured
antibacterial material as a topical hemostat. J. Appl. Polym. Sci. 2019, 136, 47522. [CrossRef]

