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Intrinsically adhesive hydrogels have 
various functions in biomedical areas 
particularly in minimally-invasive sur-
gical treatments.[1,2] In these medical 
situations, bioadhesives have to present 
not only strong adhesion to wet tissues 
but specific ranges of injectability, deg-
radability, swelling, biocompatibility, and 
mechanical match.[3,4] This is particularly 
challenging as the adhesive mechanism 
of the hydrogel should also allow proper 
material functionality in its bulk. The 
adhesion of hydrogels could be enhanced 
by strong bonds with the tissue as well 
as the material’s capacity to dissipate 
energy.[5,6] Dissipative double-network 
hydrogels show high adhesion when 
either the tissue or the hydrogel substrate 
is chemically treated, so that the interfa-
cial bonds can be created. However, it is 
difficult to use these adhesive systems 
in minimally-invasive biomedical situa-
tions, in which hydrogel must be injected 
and formed in situ and tissue treatment 
would impose serious limitations. In 

Attaching hydrogels to soft internal tissues is crucial for the development 
of various biomedical devices. Tough sticky hydrogel patches present 
high adhesion, yet with lack of injectability and the need for treatment of 
contacting surface. On the contrary, injectable and photo-curable hydro-
gels are highly attractive owing to their ease of use, flexibility of filling any 
shape, and their minimally invasive character, compared to their conven-
tional preformed counterparts. Despite recent advances in material devel-
opments, a hydrogel that exhibits both proper injectability and sufficient 
intrinsic adhesion is yet to be demonstrated. Herein, a paradigm shift is 
proposed toward the design of intrinsically adhesive networks for inject-
able and photo-curable hydrogels. The bioinspired design strategy not only 
provides strong adhesive contact, but also results in a wide window of 
physicochemical properties. The adhesive networks are based on a family of 
polymeric backbones where chains are modified to be intrinsically adhesive 
to host tissue and simultaneously form a hydrogel network via a hybrid 
cross-linking mechanism. With this strategy, adhesion is achieved through 
a controlled synergy between the interfacial chemistry and bulk mechanical 
properties. The functionalities of the bioadhesives are demonstrated for 
various applications, such as tissue adhesives, surgical sealants, or inject-
able scaffolds.
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addition, the physicochemical characteristics of the bioad-
hesive should satisfy the required properties of the targeted 
clinical application.[7–9] In particular, the available tissue bio-
adhesives such as polyethylene glycol (PEG)-based, fibrin-
based and cyanoacrylate-based glues suffer from insufficient 
adhesive properties, mechanical properties, and high cytotox-
icity, respectively.[10,11]

Inspired by the adhesive tenacity of sandcastle worm and 
mussel, we propose a design strategy that not only provides 
strong interfacial bonds, but also presents a broad range of 
mechanical stiffness and dissipation. Despite the development 
of many mussel-inspired bioadhesives, which are based on 
interfacial bond strength of the catechol moieties, their tissue 
adhesion is weak.[12] Limited multiscale properties and adhesive 
strength are considerable limitations particularly in regard to 
load-bearing applications.[12] This is mainly attributed to the 
weak control of mechanical processes (i.e., supramolecular-level 
dissipative mechanisms), as the interfacial energy of the adhe-
sive mussel foot proteins is three orders of magnitude lower 
than the overall adhesion energy of the mussel plaque.[13,14] 
Although the origins of the elastic and dissipative mechanisms 
in mussel plaque are not well known,[14] their synergetic con-
tribution to strong attachment tenacity of these sea creatures 
is significant.[14,15] Correspondingly, we propose a design para-
digm through systematic control of interfacial chemistry, mate-
rial processing, and network mechanics.

We report here a design platform of intrinsically-adhesive 
hydrogels for biomedical needs with various adhesive and phys-
icochemical requirements. The developed family of hydrogels 
forms strong chemical bonds with nucleophiles at the inter-
face when the injectable precursor is applied to the tissue 
surface. The polymeric backbone of the designed hydrogels is 
crosslinked with covalent and non-covalent interactions and 
presents broad and tunable physicochemical properties. There-
fore, the bioadhesive provides both a high level of adhesion 
to soft tissues and flexibility in physicochemical performance, 
which can be engineered to be compatible with the host tis-
sues. Indeed, the proposed platform can be applied for soft and 
deformable (e.g., skin, liver, etc.), and stiff and load-bearing 
(e.g., cartilage, meniscus, etc.) tissues alike.

To reach a synergy between interfacial chemistry and bulk 
mechanical properties, we synthesized a family of polymeric 
backbones including methacrylated catechol-containing hyalu-
ronic acid (MeCHa), methacrylated phosphoserine-containing 
hyaluronic acid (MePHa), and methacrylated phosphoserine-
containing gelatin (MePGa). The designed polymers are poly-
merized via covalent bond formation, resulting in a hydrogel 
matrix with intrinsic tissue adhesion properties. Through a 
hybrid cross-linking strategy, the stiffness and dissipative poten-
tial of the designed network are carefully controlled by covalent 
cross-linking as well as by various non-covalent and physical 
interactions in the matrix chains (Figure 1a). Incorporation of 
reinforcing components (e.g., fibrillary collagen, fibrillated cel-
lulose) into single network (SN) hydrogels contributes to even 
higher adhesion due to the resulting high level of energy dis-
sipation in the composite network. Indeed, the fiber pullout 
mechanism as well as interfacial fiber-fiber and fiber-matrix 
interactions enhance the mechanical and physicochemical per-
formance of the adhesive network.[16,17]

The developed family of hydrogels adheres strongly to 
articular cartilage, as a soft tissue example (Figure 1b). All SN 
matrices have considerable adhesion strength (≥50  kPa) with 
a water content of 90 wt%. The adhesive performance is even 
further enhanced in the composite form of these hydrogels. 
For example, collagen and nanofibrillated cellulose (NFC)-
reinforced MeCHa-Gel improve the adhesion strength of the 
single-network MeCHa-Gel by 32% and 56%, respectively. 
This is mainly attributed to better energy dissipation capacity 
in the collagen- and NFC-reinforced hydrogels, which results 
in higher synergetic contribution between strong interfacial 
bonds and bulk dissipation. The composite hydrogels dissi-
pate more energy through the sacrificial bonds at the matrix-
fiber and fiber-fiber interactions (e.g., pullout of fiber entan-
gles, hydrogen bonds, etc.), which improves the hydrogel bulk 
toughness required for a dissipative interface. The higher 
strength values of the NFC-reinforced over the collagen-rein-
forced composites hydrogels indicate the presence of more 
sacrificial bonds in fiber-matrix interface, dissipating more 
energy. Similarly, higher concentration of nanofibers increases 
the adhesion performance of the hydrogels (Figure S1a, Sup-
porting Information). Adhesion tests on composite MeCHa 
reveal tunable adhesion performance by varying the nanofiber 
concentration. For example, the adhesion strength of NFC-
reinforced MeCHa-Gel with 90 w/v% water content is 
enhanced from 96.5 ± 11.7 kPa to 169.1 ± 18.6 kPa by increasing 
the nanofiber concentration from 0 to 0.5 w/v%. The bioad-
hesive family exhibits superior adhesion strength at various 
polymer concentrations compared to the values obtained with 
commercial Fibrin TISSEEL adhesive, as shown for MeCHa-
Gel (Figure 1c).

To form a fast light-activated adhesive system, the polymer 
backbone is first chemically functionalized with methacrylate 
groups. Accordingly, upon the visible light exposure and in the 
presence of Lithium Phenyl(2,4,6-trimethylbenzoyl)phosphi-
nate (LAP) photo-initiator, cross-linking of the adhesive occurs 
in only 30–150 s depending on the target hydrogel composition. 
Moreover, illumination with a long wavelength light (405 nm) 
in a low range of light intensity (1–5  mW cm−2), along with 
performing biocompatibity tests and in vitro 3D culture experi-
ments, addresses the biosafety concerns associated with photo-
polymerizable hydrogels in many biomedical applications.[18] 
The backbone is also modified with a second molecule to 
enhance interfacial bonding to various tissues. Therefore, the 
SN hydrogel can adhere intrinsically to tissue substrates. The 
obtained range of adhesion strength and fast curing time dif-
ferentiate our bioadhesive family from various injectable tissue 
adhesives (Figure S2, Supporting Information). The timely 
efficient one-pot polymerization process facilitates the clinical 
usage of the proposed bioadhesives for demanding surgical 
situations.

The MeCHa chains are fabricated with an original two-step 
modification of hyaluronic acid, including esterification of 
hydroxyl groups on the polymer backbone with subsequent 
chemical conjugation of Dopa at the carboxyl sites of the back-
bone. The careful pH control of aqueous environment and the 
order of functionalizations avoid Dopa oxidation during the 
reaction. Similarly, by substituting the adhesive component 
or the polymeric backbone, MePHa, and MePGa chains are 
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synthesized with methacrylation of the backbones (hyaluronic 
acid and gelatin) and subsequent attachment of phosphoserine 
molecule (see Figure  2 and Experimental Section). Phos-
phoserine is predominantly found in phosphoproteins. These 
proteins improve adhesive and cohesive properties, as demon-
strated in marine bioglues.[19–21]

The network formation is based on a hybrid crosslinking 
mechanism. The chemical conjugation of methacrylate groups 
to the polymeric backbones provides covalent cross-linking 
between the chains in the presence of the photo-initiator. Fur-
thermore, various non-covalent sacrificial bonds (e.g., hydrogen 
bonds) can be formed in the resulting network owing to the 
available functional groups of the chains, such as polar hydroxyl 
(OH) and carbonyl (CO) groups that allow hydrogen bonding. 
Incorporation of reinforcing components into SN hydrogels 
contributes to further physical interaction between the fibers 
and the polymeric matrix, which consequently enhances the 
dissipation capacity of the hydrogel network.

The contribution of interfacial chemistry and hydrogel 
mechanics to overall adhesion is demonstrated for MeCHa-Gel, 
as an example (Figure 3). The hydrogel design allows control 
over the interface (e.g., chemical bond formation) and bulk 
mechanical properties (e.g., stiffness and dissipation potential) 
using the same hydrogel composition and without the surface 
treatment of host tissue or hydrogel. By varying the pH of the 
precursor and the illumination time it is possible to evaluate 
the individual contribution of interfacial and bulk proper-
ties, respectively, on the obtained adhesion as well as the pro-
duced synergy between them. The adhesive systems with either 
robust hydrogel-tissue chemical interactions or superior dis-
sipative mechanism present weaker adhesion (less than three 
times) due to the lack of synergy. The presence of interfacial 
covalent bonds at low mechanical dissipation in the hydrogel 
results in 29.3 ± 4.4 kPa adhesion strength, and higher mechan-
ical dissipation without strong interfacial bonds contributes 
to 13.7  ±  3.7  kPa adhesion strength. However, the adhesive 
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Figure 1. Adhesion performance of intrinsically-adhesive hydrogel family. a) Schematic illustration of bioadhesives and network design. The intrinsi-
cally-adhesive hydrogels create interfacial chemical bonds with nucleophiles at tissue interface, including covalent bonds and intermolecular forces. The 
cross-linkable chains form the hydrogel network. Fast covalent cross-linking and different sacrificial bonds provide a wide window of reachable stiffness 
and dissipation in the hydrogels. The network interactions are augmented by nanofiber-reinforcement so that the adhesive and physicochemical prop-
erties can be well controlled. Effect of collagen fibers with small fibers diameter (<100 nm) and nanofibrillated cellulose with larger size (0.1–10 µm) 
are investigated. b) Tensile adhesion strength of the single network and composite bioadhesive family to bovine articular cartilage (tissue model). 
c) Adhesive strengths of SN MeCHa-Gel with different water content (85–95%). The results report adhesion values obtained from tensile adhesion tests 
on bovine articular cartilage. Data represent means and standard deviation of the mean (n ≥ 3, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).
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system with both strong chemical bonds at the tissue inter-
face and high dissipative performance in the hydrogel exhibits 
95.5 ± 11.7 kPa adhesion strength.

In addition to physical interactions, electrostatic forces, 
and hydrogen bonds, the interface energy is augmented with 
strong covalent bonds. In MeCHa-Gel system, the oxidized 
catechol (dopa-quinone) and the activated carboxyl groups in 
the MeCHa backbone can form covalent bonds with primary 
amine groups, which are abundant in the tissue substrates. In 
MePHa- and MePGa-Gels, the amine-phosphate interactions 
can be formed, including the binding of negatively charged 
phosphate to positively charged amine surface groups, multiple 
hydrogen bonding opportunities, and amide formation by reac-
tion of ester and amine groups. Furthermore, covalent bonds 
can be finely formed between methacrylate groups of hydrogel 
chains and amine functional groups in the tissue[22–24] (see 
Figure 2 and Figure S1b, Supporting Information).

Due to the versatility of the design parameters, the phys-
icochemical properties of the hydrogels could be tuned over a 
broad range of properties. The range of the physical properties 

in the designed adhesive hydrogels was investigated (Figure 4 
and Figure S3, Supporting Information). Tailoring the 
swelling performance of hydrogels might be of high impor-
tance in many medical applications.[25,26] While high level of 
swelling imposes limitations on numerous hydrogel systems, 
the swelling of our hydrogel system can be finely controlled. 
Indeed, the cross-linking mechanism of the modified chains 
and their network configuration hinder excessive swelling of 
the neat hydrogel matrices. Additionally, the fiber-reinforced 
hydrogels further reduce the swelling of the hydrogel compos-
ites due to the fiber-matrix interactions. Unlike MeCHa- and 
MePHa-based hydrogels, negative but negligible swelling is 
observed in MePGa-based hydrogels (Figure  4a). Mechanical 
properties (i.e., hydrogel stiffness, energy dissipation, and 
energy loss) of our adhesive family were characterized under 
compression and tensile deformations (Figure  4b,c). Across 
all hydrogel compositions, the NFC-reinforced hydrogel 
showed the highest mechanical properties, followed by col-
lagen-reinforced, and last, the neat hydrogel. Furthermore, 
the hydrogel properties are measured while it presented a 
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Figure 2. Design and synthesis route to MeCHa-Gel, MePHa-Gel, and MePGa-Gel. The adhesive family is fabricated by considering different polymeric 
backbones or their functionalization. The chains (i.e., hyaluronic acid, gelatin) are first chemically modified with methacrylate groups. The second 
modification includes conjugation of the functional groups (i.e., dopa, phosphoserine) to the processed chains to enhance the interfacial interactions. 
The photo-triggered gelation process is driven by fast cross-linking, and various intrinsic interfacial interactions can be formed via covalent bonds 
(e.g., amide formation, Michael addition, Schiff base reaction, etc.), electrostatic interactions, and intermolecular forces (e.g., hydrogen bonds, etc.).
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high water content (80–95 wt%) mimicking the physiological 
situation of most native tissues.[27] The stiffness and mechan-
ical dissipation of the SN hydrogels are further enhanced in 
the composite form. For example, NFC-reinforcement con-
tributes to ≈95% increase in compressive modulus (from 
368.2 ± 49.0 kPa to 719.3 ± 13.1 kPa), 68% in tensile modulus 
(from 172.9 ± 31.3 kPa to 291.0 ± 21.2 kPa), 107% in energy dis-
sipation (from 879.5 ± 270.6 kJ m−3 to 1822.5 ± 222.2 kJ m−3) for 
MeCHa-Gel. The gelatin-based adhesives have lower stiffness 
than hyaluronic acid-based adhesives, however they exhibit 
higher dissipative properties. The chain mobility and higher 
number of sacrificial bonds in gelatin-based bioadhesives 
contribute to a more flexible network with higher capability 
for energy dissipation. We associate this superior mechanical 
dissipation with the augmented adhesion performance of the 
MePGa-Gels compared to MePHa-Gels (see Figure  1b). The 

mechanical properties of the adhesive can be customized by 
varying the adhesive polymer concentration, degree of modi-
fications, curing condition (i.e., light intensity, illumination 
time, photo-initiator concentration), polymer chain length, 
and tailoring the reinforcing network (Figure S4, Supporting 
Information). Different formulations can be derived by manip-
ulating the synthesis parameters, so that the physical proper-
ties of the hydrogels can be tuned. The obtained stiffness in 
different formulations could be comparable with the required 
properties for various soft tissues (e.g., liver, kidney, stomach, 
skin, heart, lung, muscle, articular cartilage, etc.).[28]

The adhesive hydrogels show tunable biodegradability rates 
modulated via hydrogel composition and synthesis param-
eters based on the target application. MeCHa- and MePHa-
Gels are enzymatically degradable by hyaluronidase enzyme, 
hydrolyzing the bonds between N-acetyl-D-glucosamine and 
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Figure 3. Synergetic adhesion mechanism of the MeCHa-Gel. Interfacial bonding, (−): preparation of MeCHa precursor at pH = 5.9 without carboxyl 
activation, limited covalent bonds formation between hydrogel and tissue, (+): preparation of MeCHa precursor at pH = 7.5 with carboxyl activation, 
covalent bonds formation between hydrogel and tissue (e.g., amide formation, Michael addition, Schiff base reaction). Bulk stiffness/dissipation, (−): 
hydrogel illumination for t = 20 s, (+): hydrogel illumination for t = 1 min. (n ≥ 3).
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D-glucuronic acid.[29] MePGa-Gels are also enzymatically degra-
dable by collagenase enzyme breaking the peptide bonds in 
the backbone of the chain. MePGa-Gels degrade faster than 
MeCHa- and MePHa-Gels at the same enzyme concentration 
and under the same test conditions (Figure S5a, Supporting 
Information). The degradation of hydrogel networks can be 
controlled and may take anywhere from days to months based 
on the synthesis parameters (Figure S5b–f, Supporting Infor-
mation). For example, the MeCHa-Gel with a backbone mole-
cular weight of 15–30  kDa exhibits around three times faster 
degradation rate than that found with a molecular weight of 
30–50  kDa. Moreover, the enzyme concentration can vary the 
biodegradation kinetics. MeCHa-Gel fully degrades after one 
week of incubation in 10 U mL−1 enzyme solution while only 
40.6  ±  5.4% degradation is observed after 12 weeks, when 
the adhesive is incubated in 1 U mL−1 enzyme concentration 
(Figure S5f, Supporting Information).

The developed adhesive family forms strong contacts to a 
broad variety of tissue substrates. With the superior and cus-
tomizable properties, our bioadhesive can be used as a fast-
curing tissue adhesive, a surgical sealant, or an injectable and 
photo-curable implant. We evaluated the adhesive performance 
with different lap-shear, burst pressure, and tensile adhesion 

tests. In vitro shear properties of bioadhesives were analyzed 
using a modified lap-shear setup (Figure S6, Supporting Infor-
mation). Robust shear adhesion to various soft tissues was 
measured, including bovine lateral meniscus, heart, lung, 
kidney, and liver (Figure  5a). Compared to Fibrin glue TIS-
SEEL as a commercially available adhesive, the interfacial shear 
strength of our hydrogels is significantly higher. For example, 
MeCHa-Gel exhibits an increase in shear adhesion, which is 
approximately ten times higher for meniscus, 9.5 times higher 
for heart, 13.5 times higher for lung, 5.5 times higher for 
kidney, and five times higher for liver (Figure  5a). The range 
of strength values varied widely across different tissue sub-
strates. This mainly results from the differences in the density 
of functional groups present on the tissue surface as well as the 
mechanical properties of the tissues.

As another potential clinical application, we further evaluated 
the function of our developed biomaterials as adhesive sealants. 
In particular, the performance of the adhesives is evaluated for 
sealing of corneal incisions by an ex vivo burst pressure test 
(Figure  5b and Figure S7, Supporting Information). The fine 
control on the hydrogel properties (e.g., swelling as well as 
the modulated mechanical performance) make our adhesives 
promising for the repair of corneal injuries.[30,31] We performed 
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Figure 4. Physical characterizations of the adhesive hydrogels system (with 10 wt% initial water content). a) Swelling ratios and equilibrium water 
content, b) compressive and tensile modulus, and c) energy dissipation and energy loss ratio of the hydrogels with various network compositions.
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the adhesion tests on fresh calf eyes by creating full-thickness 
corneal defects. Transparent MeCHa, MePHa, and MePGa pre-
cursors were then injected inside the defects and cured quickly 
(1 min). The burst pressure was measured by pressurizing the 
anterior chamber of the eye until it bursts. The recorded burst 
pressures of the adhesive hydrogels (78.4 ± 8.6 kPa for MeCHa-
Gel, 54.8  ±  3.6  kPa for MePHa-Gel, and 48.0  ±  9.9  kPa for 
MePGa-Gel) are significantly higher than that of the commer-
cial adhesives such as fibrin glue TISSEEL (9  ±  2.2  kPa) and 
PEG-based ReSure Sealant (15.4 ± 6.3 kPa). These commercial 
adhesives exhibit insufficient adhesion to corneal tissue and 
lack the required mechanical properties.[32,33] The empty cor-
neal defects were also tested as a control.

Finally, to further demonstrate the functionality of the bio-
adhesive as an injectable and photo-curable scaffold with fast 

adhesion formation, we implanted the adhesive hydrogel 
(MePGa-gel) into full-thickness cartilage defects in knee joints 
in a large animal model. In vivo tests were performed on goats 
as an appropriate animal model for cartilage defect trials with a 
joint anatomy and loading conditions close to humans.[34] The 
performance of the intrinsically-adhesive scaffold can therefore 
be shown in a load-bearing orthopedic application. Cartilage 
defects with 5 mm diameter were created on the medial fem-
oral groove of the (left) knee joint. Subsequently, the hydrogel 
precursor was injected in the defects and photo-crosslinked 
in situ. With no immobilization of the joint, the goats were 
allowed to roam freely throughout the duration of the study. 
The integrity of hydrogels is maintained after 2 days of implan-
tation (Figure  5c), which indicates stable and strong adhesion 
between the scaffold and the surrounding tissue.

Macromol. Rapid Commun. 2021, 42, 2000660

Figure 5. Adhesion performance of the bioadhesive hydrogel family. a) Adhesion shear strength between soft tissue substrates and MeCHa, MePHa, 
and MePGa bioadhesives with 87 wt% water content and fast (30 s) curing time. The tests are conducted on fresh bovine tissues using a lap shear 
adhesion setup. The results are compared to shear strength values of Fibrin glue TISSEEL. b) Ex vivo burst pressure test of bioadhesives for sealing of 
corneal defects. The sealed cornea is tested by pressurizing the anterior chamber of the explanted calf eyes using a burst pressure setup and a pressure 
sensor. The results are compared to ReSure[35] and Fibrin Tisseel tissue adhesives. c) In vivo implantation of the bioadhesive scaffold in full-thickness 
cartilage defects in large animal model. The integration of the adhesive hydrogel is observed after 2 days of implantation with no immobilization (n ≥ 3).
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The adhesive family of hydrogels developed in this study 
showed good biocompatibility. The in vitro cytotoxicity of the 
hydrogels was first assessed by a proliferation test using bovine 
chondrocytes for 9 days. The cell proliferation in the presence 
of all SN and composite bioadhesives (evaluated by PrestoBlue 
assay) is comparable to that found with the control group at dif-
ferent time points, confirming that the bioadhesives have no 
significant negative effect on cell proliferation (Figure S8, Sup-
porting Information).

A family of injectable and photo-curable, and internally-
adhesive hydrogels with a fast curing process was reported 
based on a bioinspired design paradigm. Different polymeric 
backbones were synthesized through an original two-step 
modification process to include cross-linkable and adhesive 
components. With a unique control on interface and bulk prop-
erties, the adhesion mechanism of the developed hydrogels was 
shown, and the synergy of interfacial bonds and mechanical 
properties was studied. The hydrogels were further modified to 
include secondary networks of various nanofibers. In addition 
to strong and fast adhesion formation on a variety of soft tis-
sues in wet environment, the physicochemical properties of the 
hydrogels could be also tuned over a broad range of properties. 
Different design aspects of the bioadhesive family were there-
fore addressed. The hydrogels have tunable swelling behavior 
so that they can be applied without significant volumetric 
increase in wet physiological environments. A wide range 
of compressive and tensile stiffness and dissipation can be 
attained. Therefore, the mechanical requirements for the repair 
of various tissues, including load-bearing soft tissues, can be 
addressed. The biodegradation kinetics of the hydrogels is con-
trolled through decoration of chains and hydrogel fabrication. 
With various in vitro, ex vivo, and preliminary in vivo studies, 
the biocompatibility and potential biomedical applications of 
the injectable adhesive hydrogels were demonstrated for cell 
scaffolding, soft tissue repair, and tissue sealing. The adhe-
sion mechanism of our hydrogel family can further be used for 
unmet clinical needs, and also provides a promising path to the 
development of future biomimetic adhesive hydrogels.

Experimental Section
Materials: For the synthesis of the modified polymer chains, sodium 

hyaluronate (HA) with three molecular weights of 15–30, 30–50, and 
50–90  kDa was purchased from Contipro. Gelatin Type A from porcine 
skin (ref. G2500) was obtained from Sigma Aldrich. Methacrylic anhydride 
(ref. 276685), sodium hydroxide (ref. 71690), dialysis sacks (MWCO 6000–
8000  Da), and hydrochloric acid were purchased from Sigma Aldrich. 
For Dopa and phosphoserine modification, dopamine hydrochloride 
(ref. H8502) was obtained from Sigma Aldrich, and phosphoserine 
(ref. 17885-08-4) was provided by Flamma. N-(3-Dimethylaminopropyl)-
N′-ethylcarbodiimide hydrochloride (EDC, ref. 03450, purum, ≥ 98.0%) 
and deuterium oxide (D2O, ref. 151882) were also purchased from 
Sigma Aldrich. Sulfo-NHS (N-hydroxysulfosuccinimide, ref. 24510) was 
supplied from Thermo Fisher Scientific. For radical polymerization of 
methacrylated polymer chains, LAP (ref 6146) was used as photoinitiator 
and obtained from Tocris Bioscience. For preparation of composite 
hydrogels, the collagen fibers were synthesized from collagen type I 
from rat tail (C3867), obtained from Sigma Aldrich, and the NFC was 
supplied from EMPA (Swiss Federal Laboratories for Materials Science 
and Technology, Dübendorf, Switzerland). The enzymatic biodegradation 
of bioadhesives was studied by using hyaluronidase (type II, ref. H2126, 

Sigma Aldrich) and collagenase type II (Thermo Fisher Scientific, 
ref. 17101015). All animal tissues (liver, kidney, lung, heart, meniscus, 
cartilage, and eye) were procured from a local abattoir.

Fabrication of Bioadhesive Hydrogels—MeCHa-Gel Synthesis: The 
synthesis of MeCHa was performed using a two-step functionalization 
procedure. First, the methacrylation of hyaluronic acid was carried out in 
aqueous solution at alkaline pH and catechol groups were subsequently 
attached by reaction with dopamine under acidic conditions. The order 
of the functionalization steps is important due to the synthesis pH 
conditions and maintaining the dopamine adhesive performance. Briefly, 
1 g of HA was dissolved in 50 mL of deionized water in a glass flask with a 
magnetic stir bar and stirred vigorously for 30 min at room temperature. 
The flask was then placed in an ice container and the temperature was 
kept at around 4 °C under a fume hood. While stirring, the pH of the HA 
solution was adjusted to 8.5 using 1.0 m NaOH. Methacrylic anhydride 
was added dropwise to the solution and the pH was adjusted to 8 ± 0.5. 
The pH will not remain steady as it has a tendency to acidify quite 
rapidly. The molecular weight of backbone and the concentration of 
methacrylic anhydride affect the degree of methacrylation. For example, 
by addition of 1.5  mL of methacrylic anhydride, 48% of methacrylation 
was achieved for 50–90  kDa hyaluronic acid. After 3 h of regular pH 
control, the solution was left stirring at 4 °C overnight while the flask 
opening was covered with parafilm. Thereafter, the reaction solution 
was transferred to 50 mL conical tubes and spun for 5 min at 1200 g. 
Unreacted chemicals and impurities were removed through 6–8  kDa 
dialysis membrane tubing for 3 days. The dialysis water was changed 
twice daily. Afterward, the solution was frozen at −80 °C overnight, and 
lyophilized for at least 3 days.

Dopamine functionalization procedure of methacrylated hyaluronic 
acid was conducted using N-(3-Dimethylaminopropyl)- EDC as 
an activation agent of the carboxyl groups on the hyaluronic acid. 
The reaction was performed at room temperature under nitrogen 
atmosphere and pH control in order to avoid the irreversible oxidation 
of dopamine molecules. Briefly, 0.5  g of methacrylated HA was 
dissolved in 50 mL of phosphate buffered saline (PBS) solution in a 
three-neck round-bottom flask with a magnetic stir bar and the pH 
was adjusted to 5.5 using hydrochloric acid (HCl). The solution was 
then purged with nitrogen for 1 h. Then, 175 mg of EDC and 240 mg of 
dopamine hydrochloride were added into the reaction mixture (Mw = 
50–90  kDa) and the pH of the reaction solution was maintained at 
5.5 for 150 min. The functionalization process was performed under 
nitrogen atmosphere. The reaction mixture was afterward dialyzed 
using dialysis tubes against acidic water with pH of around 5.5 for 
3 days until all unreacted chemicals were removed. The dialysis water 
was changed twice daily. Further purification can also be carried out 
by another dialysis in deionized water. The filtered samples were 
finally frozen at −80 °C and lyophilized for 3 days. The modified 
MeCHa product was stored at 4 °C under vacuum and protected from 
the light.

Fabrication of Bioadhesive Hydrogels—MePHa-Gel Synthesis: Before 
phosphoserine functionalization of MePHa chains, methacrylation of 
hyaluronic acid was performed as described previously. Subsequently, 
1 g of the lyophilized polymer was dissolved in 50 mL of the buffer and 
the pH was adjusted to 5. The carboxyl sites on the polymer backbone 
were activated by EDC reaction (3.5  mg mL−1) under continuous 
stirring for 15 min. By addition of phosphoserine (25 mm), the solution 
was further reacted for 6 h. The resulting solution was then filtered 
and dialyzed for 4 days by using 6–8  kDa dialysis membrane and 
lyophilized for 3 days.

Fabrication of Bioadhesive Hydrogels—MePGa-Gel Synthesis: MePGa 
polymer was also synthesized using a two-step modification process 
including the backbone methacrylation and subsequent phosphoserine 
conjugation. Gelatin methacryloyl was prepared based on previously 
reported methods.[36] Briefly, 5  g of gelatin type A was fully dissolved 
in 50  mL of Dulbecco’s PBS (DPBS) at 60 °C for 30  min. 2 mL of 
methacrylic anhydride was added dropwise (0.5  mL min−1) and 
the reaction mixture was left under vigorous stirring at 50 °C for 2 h. The 
solution was then four times diluted with DPBS to stop the reaction. The 
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dialysis was performed against distilled water at 50 °C using 12–14 kDa 
dialysis membrane tubing for 5 days, followed by 4 days of lyophilization.

Subsequently, 0.5  g of the methacrylated gelatin was dissolved 
in 25  mL of MES buffer at 50 °C and the pH was adjusted to 5. The 
modification was conducted based on EDC/NHS activation mechanism 
(3.5  mg mL−1) of the carboxyl groups of the backbone for 15  min at 
37 °C. Phosphoserine was added to the reaction mixture (25 mm) and 
stirred continuously for 8 h to form amide linkages. The reaction mixture 
was filtered and dialyzed in distilled water for 5 days. Finally, the samples 
were lyophilized for 4 days to obtain the solid porous product which 
could be stored at 4 °C.

Fabrication of Bioadhesive Hydrogels—Synthesis Procedure of SN 
Hydrogels: MeCHa-Gel, MePHa-Gel, and MePGa-Gel precursors were 
fabricated by dissolving the lyophilized polymer and the LAP photo-
initiator in PBS. The final concentrations of LAP photo-initiator were 
0.02% w/v in the resulting solution. Following EDC/NHS activation, the 
bioadhesive precursors at different concentrations were homogenized, 
and either injected or poured into different molds made of Teflon. 
MePGa precursor was vortexed at 37 °C to be well homogenized before 
injection. The precursor mixtures (injectability reported in Figure S10, 
Supporting Information) were irradiated with light of wavelength 405 nm 
and low intensities 1–5 mW cm−2 to cross-link the polymeric network.

Fabrication of Bioadhesive Hydrogels—Collagen Fibrils Fibrillogenesis: 
The collagen fibrils were prepared by mixing 5 mL of collagen solution 
with 5 mL of acetic acid solution (0.1 m) at 4 °C. The pH of the mixture 
was adjusted to 7.4 with NaOH (1 m). The mixture was incubated at 
37 °C for 4 h to obtain the resulting collagen solution with 0.3% w/v 
concentration.

Fabrication of Bioadhesive Hydrogels—Fabrication of Composite 
Hydrogels: The NFC-reinforced hydrogel precursor was synthesized 
by dissolving of the photo-curable polymer (10 wt%) in PBS and 
mixing with NFC (0.3 w/v%) and LAP (0.02% w/v). To demonstrate 
the concentration dependence of nanofibers in the fiber-reinforced 
composite hydrogels, the NFC fibers were added to the MeCHa-Gel 
precursor with different concentrations of 0.1, 0.3, and 0.5 w/v%. To 
prepare the NFC fibers, the slurry of bleached softwood cellulose pulp 
was fibrillated with high-shear homogenization. The hydrogel precursor 
was homogenized by using an Ultra-Turrax at 10 000 rpm for 5  min. 
The mixture was then transferred into the molds and cross-linked. The 
collagen-reinforced hydrogel precursor was synthesized by mixing the 
photo-curable polymer (10 wt%) and LAP (0.02% w/v) in the prepared 
collagen solution. The mixture was then homogenized and subsequently 
cross-linked. The diameter of NFC fibers varies between 0.1–10 µm while 
the diameter of collagen fibers has a range of 50–100 nm.[16,37]

NMR Analysis: The chemical structure bioadhesive polymers and 
the modification degree of conjugates on the polymeric backbone 
were analyzed using 1H NMR spectroscopy (Figure S9, Supporting 
Information). The spectra were obtained by using a 400  MHz Bruker 
Avance NEO. Briefly, 10  mg of the modified hyaluronic acid-based 
polymers were dissolved in 600  µL of D2O at room temperature. The 
solution was then transferred to NMR tube for the analysis. The same 
procedure was used for the control samples. For the gelatin-based 
polymers, 18 mg of the samples were dissolved in 500 µL of D2O, and 
the NMR analysis was performed at 40 °C.

We synthesized and compared different MeCHa-, MePHa- and 
MePGa-Gels with the same methacrylation degree of 48%. However, to 
demonstrate the effect of methacrylation degree on the physiochemical 
performance of the hydrogels, MeCHa backboned was synthesized at 
various methacrylation degrees of 23%, 48%, and 75%.

Mechanical Characterization—Adhesion Measurement, Tensile 
Interfacial Strength: The adhesion measurements under tensile loading 
were conducted on articular cartilage tissue as the model tissue (a 
load-bearing soft tissue) in the study. The cartilage-on-bone samples 
(osteochondral plugs) were cut in cylindrical shape with a diameter 
of 6.6 mm from the femoro-patellar groove of animal knee. The tissue 
sample was placed in Teflon molds where the bioadhesive precursor was 
injected and cured on the tissue surface, so that a cylindrical hydrogel 
formed on the tissue. A custom-made test was used to measure 

the interfacial adhesion strength between the bioadhesives and the 
cartilage surface as described in the previous work.[4] The mechanical 
testing was performed using an Instron E3000 linear mechanical 
testing machine (Norwood, MA, USA) with a 50 N load cell. The tissue 
samples were gripped from the bone part and the tensile load was 
applied to the hydrogel. The tests were conducted with a constant rate of 
0.1 mm s−1. The interfacial adhesion strength was calculated by dividing 
the maximum obtained load by the nominal contact area.

Mechanical Characterization—Compression, Tension, and Energy 
Dissipation: Compression tests of the bioadhesives were performed by 
preparing cylindrical samples with 5 mm diameter and 2.2 mm height. 
The compressive loading regime was applied at a displacement rate of 
0.1  mm s−1 and the load-displacement was recorded. The samples in 
swollen state were loaded by 10 compression cycles. The compressive 
modulus of the hydrogels was obtained by linear interpolation of the 
stress–strain curve from 15% to 25% of strain (mm/mm) in the last 
loading cycle. Tensile properties of bioadhesives were obtained by 
preparing dumbbell-shaped hydrogel specimens with 2  mm thickness, 
5 mm neck width, and 4.5 mm gauge length. After placing the hydrogels 
in the test grippers, they were pulled with a tensile stretch rate of 
0.1 mm s−1. The hydrogels were initially stretched to 25% strain followed 
by 10 cycles. Similar to compression experiments, the tensile modulus 
was calculated from the slope of the best linear fit to the stress–strain 
curve. The bulk energy dissipation of the specimens was measured from 
the hysteresis loop area in the stress–strain curve during the loading-
unloading process (n = 3).

In Vitro Swelling Ratio and Water Content Measurement: For the 
swelling study, hydrogel precursors were prepared and injected into 
Teflon molds as described before. Cured hydrogels were immersed into 
PBS followed by incubation at 37 °C. The swelling ratio was determined 
by the following equation where Ws is weight of the swollen hydrogel 
in equilibrium state and W0 is the initial weight of the hydrogel after 
synthesis.

SR(%) ( )/ 100s 0 0W W W= − ×  (1)

Equation (2) was also used to calculate the equilibrium water content 
(EWC) of hydrogels where Wd is the weight of the dried hydrogel.

EWC(%) ( )/ 100s d sW W W= − ×  (2)

(n ≥ 4)

In Vitro Enzymatic Biodegradation: Cylindrical MeCHa-Gel, MePHa-Gel, 
and MePGa-Gel specimens were formed with 5  mm diameter and 
2.2  mm thickness as described before. In particular, MeCHa-Gels 
were prepared with different molecular weights (15–130  kDa), polymer 
concentrations (5, 10, and 15 wt%), and methacrylation degrees (23%, 
48%, and 80%). The prepared hydrogels were soaked in PBS at 37 °C to 
reach the equilibrium swelling and the initial weight of the samples was 
measured. The MeCHa- and MePHa-Gel samples were then incubated 
in biodegradation media with 10 U mL−1 of hyaluronidase type II, and 
MePGa-Gel bioadhesives were incubated with 10 U mL−1 of collagenase 
type II at 37 °C. Moreover, the enzymatic degradation effect was studied 
at different enzyme concentrations (0, 1, 2, and 10 U mL−1). To further 
study the contribution of synthesis parameters to degradation kinetics, 
in vitro tests were conducted on MeCHa-Gel up to 84 days. The weight 
of the samples was recorded at specific time points and the enzymatic 
degradation kinetics was reported based on the mass loss (n ≥ 4).

In Vitro Shear Test: The shear adhesive strength of the bioadhesives 
to soft tissues was evaluated on various types of bovine tissues 
(organs) including lateral meniscus, heart, lung lobe, kidney, and liver. 
The measurements were performed using a shear test setup based on 
ASTM F2255 standard for strength properties of tissue adhesives in 
lap shear.[38] Briefly, tissue samples were prepared with 25  mm width 
and a thickness of less than 5 mm. A thin layer of bioadhesive (25 µL) 
was applied to the overlap area between the wet tissue sample and the 
coated glass substrate (10  mm × 25  mm). The tissue surface of the 
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prepared meniscus samples (cut from the central region of the lateral 
meniscus) was smaller due to the native tissue dimensions. While 
applying 1 N load to the bond area, the bioadhesive was photo-cured 
between the substrates for 60 s. The tests were conducted using an 
Instron E3000 mechanical testing machine equipped with a 50 N load 
cell. A constant loading rate of 1  mm s−1 was applied and adhesion 
strength was determined by dividing the maximum load by the overlap 
area. Commercially available TISSEEL adhesive (Baxter International 
Inc.) was also used for comparison. It was prepared according to the 
instruction provided by the manufacturer and tested on different tissues 
as described previously (n ≥ 3).

Ex Vivo Sealing of Cornea, Burst Pressure Test: The adhesive 
performance of the bioadhesive family was investigated for sealing of 
the defects in eye cornea. An ex vivo test was performed to measure 
the burst pressure on freshly explanted calf eyes. Full-thickness corneal 
defects with 3 mm diameter were created by a biopsy punch in the cornea 
layer. The punching procedure was controlled by pressurizing vitreous 
humor of the eye using liquid injection. Afterward, MeCHa, MePHa, and 
MePGa precursors were applied inside the defects and photo-cured in 
situ. The burst pressure test was conducted by pressurizing the anterior 
chamber under the eye corneal layer. The pressure was increased on 
the bioadhesives through air injection at a constant rate using a syringe 
pump. PASCO Capstone software was used to record the applied 
pressure measured by a pressure sensor until the bioadhesives burst.[32] 
Moreover, the ex vivo experiments were performed by applying Fibrin 
TISSEEL adhesive. The burst tests were conducted with empty defects as 
negative control (Figure S7, Supporting Information) (n = 3).

Biocompatibility and Proliferation Evaluation: Biocompatibility 
evaluation of all bioadhesive hydrogels was evaluated through a 
proliferation analysis. Briefly, bovine chondrocytes were cultured on a 
6-well plate while each well contained 100 000 cells and 6 mL standard 
culture medium supplemented with Fetal Bovine Serum (10 vol%), 
Penicillin Streptomycin (1 vol%), and L-Glutamine (1 vol%). Sterilized 
SN, and composite hydrogels were prepared with 2.5 mm thickness and 
placed in 70 µm cell strainers on the top of the wells. PrestoBlue assay 
(A13261, Life Technologies) was used to assess the cell proliferation 
based on manufacturer protocol. The evaluation was carried out every 
2 days and over a 9 days period. The same procedure was followed for 
positive control samples without hydrogels. After aspiration of medium 
at each time point, the wells were filled with 1 mL medium containing 
10  vol% PrestoBlue, and incubated at 37 °C for 30  min. Subsequently, 
100  µL of the samples were plated in a black-walled 96-well plate 
in triplicate and the fluorescence was measured at 595  nm using a 
microplate reader (Wallac 1420 Victor2, PerkinElmer (n = 3).

In Vivo Study: Animal surgeries were approved by the Faculty 
of Medicine, Institutional Animal Care and Use Committee at the 
University of Malaya. Three adult male Boer breed goats were used 
with an average weight of 33  kg. The goats were subjected to health 
screening including blood and urine tests. Prior to the surgeries, an 18 h 
pre-operative fasting was considered for the animals with free access to 
drinking water. General anesthesia was induced by intravenous ketamine 
(3–5  mg kg−1) and diazepam (0.2  mg kg−1) injection. Surgeries were 
performed under aseptic conditions. Preemptive analgesia was provided 
by intravenous injection of meloxicam (0.2 mg kg−1). The animals were 
intubated and connected to oxygen flow for the duration of the surgery. 
The anesthesia was maintained by isoflurane. The cornea was also 
protected with ophthalmic ointment.

After general anesthesia, the knee joint was approached with a medial 
parapatellar incision. For each surgery, two full-thickness cartilage 
defects were made on the medial femoral groove of the left knee joint 
with a 5 mm diameter chondrotome. Defects were then filled by applying 
sterilized MePGa-Gel precursor and immediate photo-curing in situ as 
described before. The control defects were left untreated. After wound 
closure, goats stayed under observation until complete recovery. The 
in vivo study was carried out without any immobilization and the goats 
were allowed to roam freely within their barn. Goats received meloxicam 
(0.1  mg kg−1) by subcutaneous injection once a day for 2 days after 
surgery. Animals were sacrificed after 2 days of implantation and the 

left knee joint was harvested. The presence of the implanted adhesive 
hydrogel in the defect site was examined.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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