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ABSTRACT: Hyaluronic acid (HA), a naturally occurring linear poly-

saccharide, has been widely used as a key biomaterial in a range

of cosmetic and therapeutic applications. Its excellent biocompat-

ibility and bio-functions related to tissue regeneration encourage

the development of HA-based hydrogels to expand its applica-

tions. This study details an in situ forming surgical glue based on

photocrosslinkable HA, providing tunable mechanical properties

and firm tissue adhesion under wet and dynamic conditions.

Depending on the degree of photocrosslinkable methacrylate

groups in HA polymer chains, the mechanical properties of hya-

luronate methacrylate (HAMA) hydrogels prepared by UV

photocrosslinking was improved. Ex vivo adhesion tests revealed

that HAMA hydrogels exhibited 3-fold higher shear adhesive

strength compared to gelatin methacryloyl hydrogels and

achieved firm adherence to the porcine skin tissue for several

weeks. The high adhesive strength of HAMA hydrogels, under

dry and wet conditions, suggests that it may have great promise

as a tissue adhesive. © 2018 Wiley Periodicals, Inc. J. Polym. Sci.,

Part A: Polym. Chem. 2019, 57, 522–530
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acid; photocrosslinkable polymer; surgical glue; tissue adhesive

INTRODUCTION Tissue adhesives are emerging as an alterna-
tive or adjunct to sutures and staples for wound closure
owing to their ease of preparation and application, strong
adhesion to the wound site, and effective sealing of body
fluids. In addition, they can also be encapsulated with drugs
or growth hormones to promote wound healing.1–5 Tissue
adhesives can be broadly classified into patch and glue-type
adhesives. In both these types, the main focus has been on
improving the adhesion strength by utilizing novel biomate-
rials and techniques or by tailoring material properties. For
patch-type adhesives, research has primarily focused on mim-
icking the adhesion strategies used by land and/or aquatic
animals such as geckos, marine mussels, and endoparasitic
worms to enhance adhesion.6–10 Gecko-inspired adhesive
patches generally consist of an array of nanofabricated poly-
mer pillars mimicking the feet of a gecko. It was also coated
with a synthetic polymer that can mimic the proteins found in
mussel holdfasts to increase the adhesion under wet condi-
tions.7 In contrast, an endoparasitic worm-inspired micronee-
dle adhesive patch has swellable tips, which when inserted
into the tissue can swell and mechanically interlock with the

tissues.8 As this design also provides a minimally invasive way
to deliver a drug across the stratum corneum of the skin, it has
been used as a drug delivering adhesive patch.9–11 However,
glue-type tissue adhesives have recently gained attention as
they can flow into the wound cracks providing strong adhesion
between the tissues and the glue, effectively preventing leakage
of body fluids. In addition, it can be prepared in situ, and the
mechanical properties can be tuned to suit the surrounding tis-
sue, which enables it to be used for tissues with different geom-
etry and dimensions.2,3,12–14

Glue-type tissue adhesives are comprised of either synthetic or
biologically derived materials or a mixture of both and have been
previously developed and used. This type of adhesive is generally
comprised of monomers and/or polymers functionalized with
reactive groups such as nitrile, thiol, glutaryl-succinimidyl ester,
and acrylate.4 When these are applied on to a tissue they can form
covalent bonds with functional groups present on the tissues,
or they can be activated by chemicals (chemical crosslinking)
and light (photocrosslinking) to form three-dimensional cross-
linked networks.3 For example, a cyanoacrylate-based adhesive

Additional supporting information may be found in the online version of this article.
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comprised of a synthesized monomer, butyl-2-cyanoacrylate,
consists of alkyl, nitrile and acrylate groups; acrylate groups
react with basic hydroxyl ions present on tissues to form cova-
lent bonds between the glue and tissue.15 The cyanoacrylate-
based adhesives are an attractive candidate for wound closure
because of the ease of preparation, fast curing rate, and strong
adhesion to the tissues.16,17 However, they still have certain lim-
itations such as poor flexibility, weak adhesion in wet and
dynamic conditions, and a toxic degradation product, which
limits its application to only topical use.18,19 In the case of bio-
logically derived glue-type adhesives, the most widely used in
clinical applications are fibrin-based glues. Although it has cer-
tain advantages such as fast curing, biocompatibility, and biode-
gradability, the risk of infection resulting from the biological
sources is a major safety concern.20 In addition, fibrin-based
glues show weak adhesion on wet surfaces, limiting its use
under wet conditions.21

Recently, hydrogel-based adhesives are being widely explored
due to their advantages such as biocompatibility, biodegrad-
ability, tunable mechanical properties, and high water absorb-
ing capacity, which keep the wound site wet and allow
natural healing to occur.22,23 As hydrogels are a three-
dimensional polymeric network, it can also be used as a drug
delivering matrix to enhance tissue regeneration processes.3

For example, CoSeal™ is a well-known hydrogel-based adhe-
sive that is used for sealing suture lines and vascular grafts.24

It consists of two four-armed branched polyethylene glycol
(PEG) polymers, one end capped with thiol groups and the
other with glutaryl-succinimidyl ester. When required, solu-
tions of these two PEG polymers are mixed and sprayed at the
wound site; the thiol group reacts with glutaryl-succinimidyl
ester groups to form covalently crosslinked hydrogel net-
works.25 While PEG is a non-toxic, non-immunogenic, and bio-
compatible polymer, hence having been used both in vitro and
in vivo, it requires more caution while applying in closed
spaces as it has a high swelling ratio of up to 400%.26 In addi-
tion, because of its inert characteristics, it does not promote
wound healing processes.27

Photocrosslinking technique allows for in situ crosslinking of
the precursor solution, and gives better spatial and temporal
control over the crosslinking density than chemical cross-
linking techniques.28 The photocrosslinking methods using
ultraviolet (UV) or visible light have been used to prepare
hydrogels with wide range of mechanical properties and
degradability.2,15 For example, visible light has been used to
prepare hydrogels with comparative mechanical properties
with that of hydrogels prepared by UV crosslinking.29 How-
ever, the common initiators used in this method such as
eosin Y and ruthenium complex showed less biocompatibil-
ity.1,30 More recently, using azide functionalized moiety,
photocrosslinking was reported without the use of photoini-
tiator.31 Nevertheless, UV photocrosslinking technique has
been widely used in various biomedical applications includ-
ing tissue adhesives owing to its suitability for application to
weakened tissues with fast curing kinetics.32 Recently, a UV
photocrosslinkable gelatin methacryloyl (GelMA) based

sealant was shown to have adhesive strength higher than
some of the commercially available adhesives and sealants.13

However, the GelMA hydrogel was reported to have shown
rapid degradation in vivo. The main limitations of gelatin-
based biomaterials are weak mechanical properties and
rapid degradation.33–36 Taking into consideration the limita-
tions exhibited by the currently available tissue adhesives on
the market, there is a need for a tissue adhesive that has
strong adhesion to the tissue under wet and dynamic condi-
tions for a long period of time to allow for wound healing.
Ideally, it should last for 3 weeks before it starts degrading
and should be completely degraded in 3 months.4 In addi-
tion, the biomaterial used must have excellent biocompatibil-
ity to prevent an inflammatory response and tunable
mechanical properties to suit that of the surrounding tissue
to avoid a foreign body reaction, as these might hinder the
wound healing process.37,38

Hyaluronic acid (HA) is a linear polysaccharide found in the
extracellular matrix of soft tissues and has excellent biocom-
patibility. It has been shown to play a crucial role in cellular
processes such as proliferation, angiogenesis, migration, and
improving scarless wound healing processes. In addition, the
high water absorbing capacity of HA facilitates the diffusion
of nutritional supplies to the wound site, further aiding in
wound healing processes.39–42 These properties make HA an
ideal candidate for promoting wound healing and tissue
regeneration. HA can be chemically functionalized with
photocrosslinkable methacrylate or acrylate groups to obtain
photocrosslinked hydrogels.43 However, acrylate groups
have not been well studied in tissue engineering applica-
tions, especially in wound healing. In addition, hydrogels
produced from hyaluronate methacrylate (HAMA) have been
shown to facilitate cell infiltration and angiogenesis, a pre-
requisite for wound healing.44 HAMA hydrogels undergoes
complete enzymatic degradation in the presence of hyaluron-
idase but has been shown to have slow degradation behavior
depending on their crosslinking density.45,46 These proper-
ties make HAMA a good candidate as a tissue adhesive. Pre-
viously, HAMA has been studied as a tissue adhesive.14 This
hydrogel adhesive showed good adherence to tissue but its
low degree of methacrylation (DM) might limit its use to
manipulate material properties of the photocrosslinked
hydrogels.

In this work, we engineered an in situ photocrosslinkable tis-
sue adhesive based on HA, a well-known biopolymer. HAMA
with a low and high DM was synthesized and confirmed by 1H
NMR. First, the mechanical properties of HAMA hydrogels pre-
pared from different concentration (5%, 10%, and 20%
[w/v]) of precursor solutions at a low and high DM were
investigated using a tensile test to evaluate its tunability.
Then, we evaluated the cohesive and adhesive properties of
the HAMA hydrogels produced from a high DM. Its mechanical
and adhesive properties were investigated by several stan-
dard tests including the tensile test, in vitro wound closure
test, and lap shear test; the results were compared to that of
the GelMA hydrogels produced from a high DM. Finally, to
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determine the adhesion capability of the HAMA hydrogels
under wet and dynamic conditions, the HAMA hydrogels
formed on porcine skin were placed under wet and dynamic
conditions and their adherence to the porcine skin were mea-
sured for several weeks.

EXPERIMENTAL

Synthesis and Characterization of the
Photocrosslinkable HAMA
About 1.0 g HA (Mw: 90,000 kDa; SNvia, Korea) was dissolved
in 12 mL distilled water and the pH was adjusted to 8.0 using
1 N sodium hydroxide. The HA solution was cooled down to
5 �C and then 1 or 4 equivalents of methacrylic anhydride
(MA) with respect to disaccharide unit of HA was added drop-
wise over a period of 1 h. The pH was simultaneously main-
tained between 8.0 and 10.0 by adding 1 N sodium hydroxide.
The temperature and pH were maintained for another 23 h,
after which the macromer solution was dialyzed (Cellu Sep,
nominal molecular weight cutoff 3500 Da) against distilled
water for 3 days, frozen at −55 �C, lyophilized, and stored at
−20 �C until use. 1H NMR spectrum was obtained using a Bru-
ker 600-NMR spectrometer. This was used to confirm the
incorporation of methacrylate groups into HA and to calculate
the DM (n = 3).

Preparation of HAMA/GelMA Hydrogels
Precursor solutions were prepared by first dissolving 1.0%
(w/v) 1-[4-(2-Hydroxyethoxy)-phenyl]-2-hydroxy-2-methyl-
1-propane-1-one (Sigma-Aldrich) of photoinitiator in distilled
water at 60 �C, followed by dissolving HAMA/GelMA solid to
get 5% (w/v), 10% (w/v), and 20% (w/v) precursor solu-
tions. Hydrogels were prepared by photocrosslinking with UV
light (320–500 nm, ~30 mW cm−2, OmniCure S1500) for an
exposure time of 20 to 60 s depending on the dimensions of
the HAMA/GelMA hydrogels.

Characterization of Mechanical Properties
Briefly, polymer precursor solutions at different concentra-
tions of 5% (w/v), 10% (w/v), and 20% (w/v) were photo-
crosslinked to produce the following geometries: tensile
testing (20 mm in length, 5 mm in width, and 1.5 mm in thick-
ness). The hydrogels were directly analyzed on a mechanical
tester (AND 210, Korea). The strain rate was set to 1 mmmin−1

for tensile testing. The ultimate tensile strengths of the sam-
ples were determined at the point of failure (fracture under
tensile) of the hydrogels. The tensile strength was determined
at the maximum point of stress in the stress-strain curves.
The Young’s modulus was calculated by obtaining the initial
5% of the slope in the strain–stress curves. The elasticity was
determined at the maximum point of strain in the stress-
strain curves.

Scanning Electron Microscopy
Photocrosslinked HAMA hydrogel samples were produced
from 5% (w/v), 10% (w/v), and 20% (w/v) of HAMA in pre-
cursor solutions and they were lyophilized and mounted onto
an aluminum holder. A 10-nm thick gold layer was spin-

coated on the sample prior to imaging. Secondary electron
imaging was performed at 10 kV using a Hitachi FE-SEM s-
4700. The effects of HAMA concentrations on the pore size of
HAMA hydrogels were investigated.

In Vitro Lap Shear Test
Shear strength of HAMA/GelMA was examined according to
the standard testing method for strength properties of tissue
adhesives under lap-shear by tension loading, ASTM
F2255-05, as previously described.1 Gelatin 20% (w/v) was
dissolved in PBS at 80 �C, which was then coated
(10 × 15 mm) on top of glass slides (10 × 50 mm). Gelatin on
glass slides were then dried at 60 �C for 2 h, before cooling
down to room temperature. Next, 40 μL of HAMA/GelMA pre-
cursor solution was dropped on top of the gelatin coating of a
glass slide, after which another gelatin-coated glass slide was
placed over the adhesive. This was followed by irradiation
with UV light. The two glass slides were placed onto a
mechanical tester (AND 210, Korea) for shear testing by ten-
sile loading with a strain rate of 1 mm min−1. The shear
strength was determined at the point of maximum stress. Six
replicates were conducted for each concentration of HAMA/
GelMA solutions.

In Vitro Wound Closure Test
The adhesion strength of the adhesive was determined by
using the standard test method for wound closure strength of
tissue adhesives and sealants, ASTM F2458-05, with some
modification as described in the literature.1 In brief, fresh
porcine skin purchased from a local slaughterhouse was cut
into rectangular sections (5 × 15 mm). While unused, porcine
skin was kept moist in gauze soaked in PBS. Before use, por-
cine skin was blotted dry to remove excess liquid, and each
end of the skin strip was fixed onto two glass slides
(10 × 50 mm) with glue, leaving a 6 mm section of skin
between the slides. The porcine skin strip was then cut apart
using a razor blade, and petroleum jelly was applied with a
syringe to the ends of the desired adhesive application area
in order to confine the precursor solution before crosslinking.
Afterward, 40 μL of the HAMA/GelMA precursor solution was
dropped on the porcine skin and was irradiated with UV light.
The two glass slides were placed onto a mechanical tester
(AND 210, Korea) for adhesive strength testing by tensile
loading with a strain rate of 1 mm min−1. The adhesive
strength was determined at the maximum point of detach-
ment. Five repeats were conducted for each concentration of
HAMA/GelMA solutions.

In Vitro Adhesion Test Under Wet and Dynamic
Conditions
Fresh porcine skin was cut into a rectangular shape
(10 × 20 mm) and soaked in the PBS for a minimum of 2 h
before it was used. The porcine skin was glued to a glass
microscope slide (10 × 50 mm), and a wound (6 × 1 mm)
was created using a biopsy punch. While unused, porcine
skin was kept moist in gauze soaked in PBS. Before use, por-
cine skin was blotted dry to remove excess liquid. A PDMS
mold (8 × 3 mm) was placed on top of the cut area and,
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HAMA precursor solution (126 μL) was poured into the
mold. This was followed by irradiation with UV light, and
the PDMS was gently removed. The slide fixed with porcine
skin was immersed in a 250-mL beaker containing 150 mL
PBS (pH 7.4) at 37 �C. To mimic a dynamic environment, a
magnetic stirrer bar was rotated at a speed of 1000 rpm to
generate flow. The number of hydrogels adhered to the por-
cine skin was recorded every day, and the PBS in the beaker
was replaced with fresh PBS. Three repeats were conducted
for each concentration of HAMA solutions.

RESULTS AND DISCUSSION

Synthesis and Characterization of HAMA Hydrogels
Photocrosslinkable methacrylate groups are generally incor-
porated into an HA polymer backbone by reacting it with
MA under aqueous basic conditions.44,47 The primary
hydroxyl group in HA is considered the most reactive site
for transesterification [Fig. 1(a)]. HA has four hydroxyl
groups per disaccharide unit, all of the four hydroxyl groups
could be incorporated with methacrylate groups. Previously,
by varying the molecular weight of HA, molar ratio of MA to
HA, and reaction time, HAMAs with different DM have been
synthesized.48,49 There are also other parameters that deter-
mine the DM such as pH and temperature of the reaction
mixture.50 MA undergoes hydrolysis in an aqueous medium,
especially above pH 10.0, catalyzed by hydroxide ion to form
methacrylic acid, which does not react with HA.51 At low
temperatures, hydrolysis of MA to methacrylic acid is con-
sidered to be slower. However, at this temperature MA
exists in a separate phase.50

HA is known to play an important role in wound healing pro-
cesses. HAs with a MW of 100–300 kDa have been shown to
improve wound healing by promoting angiogenesis.52 Consid-
ering its biological activities and better solution processability,
90 kDa HA was chosen. In order to synthesize HAMA with dif-
ferent DM, 1 or 4 equivalents of MA with respect to the disac-
charide unit was reacted with HA. Furthermore, to minimize
the excess hydrolysis of MA and to reduce the phase separa-
tion during the reaction, it was added dropwise over a period
of 1 h with vigorous stirring. Simultaneously, the pH was
maintained between 8.0 and 10.0 at 5 �C for 24 h. Details
regarding the synthesis of GelMA are provided in the Support-
ing Information.

The proton NMR experiment was used to determine the incor-
poration of methacrylate groups into HA and the DM. The
NMR spectrum revealed new peaks around δ 5.6 and 6.0 ppm
corresponding to acrylate protons, suggesting incorporation of
methacrylate groups into HA [Fig. 1(b)]. The DM was calcu-
lated from the relative integration of the methacrylate protons
(5.6 and 6.0 ppm) to the methyl protons in HA (1.9 ppm), and
this gave a value of 46 � 4% and 181 � 36%, per disaccha-
ride unit for 1- and 4-equivalent of MA, respectively. The
peaks corresponding to acrylate protons (7,8) and methyl pro-
tons (10) used for DM calculation is presented in Supporting
Information Figure S1. The molecular weights of HA and its
derivatives were estimated with a gel permeation chromatog-
raphy system (Supporting Information Fig. S2). They showed
similar polymer molecular weight distribution, indicating no
premature crosslinking or significant chain cleavage during
the reaction. Above 100% methacrylation suggests that more
than one hydroxyl group was substituted when 4-equivalent
of MA was used. Previously, incorporation of methacrylate
groups into HA has been reported with varying DM
(7–160%).44,46,53 However, there are only a few reports with
a high (>100%) DM and, in those reports a high molar ratio
(10- to 20-equivalent) of MA was used.43,44 For example,
Seidlits et al. have used 10- and 20-fold molar excess of MA to
HA to achieve 87 � 22 and 160 � 32% DM, respectively.44

Our results suggest that by carefully minimizing excess hydro-
lysis of MA by the slow addition of MA over a period of 1 h
with vigorous stirring and maintaining the pH between 8.0
and 10.0 for 24 h at 5 �C, a high DM (>100%) can be obtained
with a 4 equivalents of MA. The GelMA NMR spectrum
revealed new peaks at 5.6 and 5.8 ppm corresponding to
methacrylamide protons (Supporting Information Fig. S3). In
addition, methacryl protons corresponding to methacrylation
of hydroxyl groups were seen at 5.85 ppm. Absence of a peak
at 3.1 ppm, which corresponds to a lysine methylene peak,
suggested quantitative conversion of lysine amino groups.
Considering this and substitution at the hydroxyl position of
gelatin, this could literally be considered as the maximum pos-
sible substitution, suggesting a high DM (>100%).

Mechanical Properties of HAMA Hydrogels
HAMA and GelMA hydrogels were produced by photocros-
slinking of the HAMA or GelMA precursor solutions containing
1% (w/v) of a photoinitiator (Irgacure 2959). To ensure rapid

FIGURE 1 (A) Reaction scheme to prepare HAMA and

(B) representative 1H NMR spectrum of HAMA. Peaks correspond

to methacrylate protons (7, 8) and methyl protons of HA (10).
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gelation and to minimize the cytotoxicity, a light intensity of
~30 mW cm−2 (320–500 nm) and exposure time of 20 to
60 s were used. To tune the mechanical properties of HAMA
hydrogels, different degrees of methacrylation (low and high)
and concentration (5%, 10%, and 20% [w/v]) were investi-
gated (Fig. 2). Then, to compare the mechanical properties of
the HAMA and GelMA hydrogels, the mechanical properties of
the GelMA hydrogels produced from varying the concentration
(5%, 10%, and 20% [w/v]) at a high DM were tested under
the same experimental conditions. The results were compared
to those obtained with the corresponding HAMA hydrogels
produced from a high DM. The stress–strain curves of 5%,
10%, and 20% (w/v) HAMA hydrogels produced from a low
and high DM are shown in Figure 2(a). GelMA hydrogels pre-
pared from 5%, 10%, and 20% (w/v) precursor solutions
were investigated as a control [(Supporting Information
Fig. S4(a)]. The tensile tests on HAMA hydrogels showed a
consistent increase in tensile strength from 3.31 � 0.61 to
21.22 � 6.48 kPa and 8.83 � 2.99 to 44.24 � 7.09 kPa for
low and high DM, respectively, as the concentration of HAMA
in the precursor solution was increased from 5% to 20%
(w/v) [Fig. 2(b)]. The HAMA hydrogels also exhibited an
increasing trend in Young’s modulus as the DM and concen-
trations were increased in the precursor solution [Fig. 2(c)].
The Young’s modulus of 10% and 20% HAMA hydrogels at a
low DM and that of the 5% and 10% HAMA hydrogels at high
DM were 92.11 � 55.89, 118.08 � 51.19, 183.37 � 68.37 kPa,
and 282.26 � 45.87 kPa, respectively. These values were
within the range of the reported Young’s modulus for the der-
mis layer (~88–300 kPa).54 The elongation for HAMA

hydrogels was between 6 and 17% as the DM and the concen-
trations were varied [Fig. 2(d)].

Next, the internal structure of HAMA hydrogels were mea-
sured using a scanning electron microscope (SEM) to examine
crosslinking densities. Although lyophilization might create
artificial pores, all the hydrogels were prepared under the
same experimental conditions and lyophilized at the same
freezing temperature and duration to avoid any differences.
The SEM images revealed a decrease in pore sizes with an
increase in the DM and concentration [Fig. 2(e)]. This indi-
cates increased crosslinked density for hydrogels prepared
from a high DM and higher concentrations of HAMA in precur-
sor solutions.

Although GelMA hydrogels also exhibited an increase in ten-
sile strength and Young’s modulus with increases in GelMA
concentration [Supporting Information Fig. S4(b,c)], it was rel-
atively lower than that of the corresponding HAMA hydrogels
produced from a high DM. For example, 20% GelMA hydrogels
exhibited tensile strength and Young’s modulus of
24.99 � 4.32 and 91.07 � 19.09 kPa, respectively. This was
1.7- and 5.7-fold lower than that of the 20% HAMA hydrogels
(44.24 � 7.09, 522.24 � 86.78 kPa). However, GelMA hydro-
gels exhibited better elongation. The elongation for GelMA
hydrogels were between 32 and 38% [Supporting Information
Fig. S4(d)] as the concentrations were varied from 5% (w/v)
to 20% (w/v). A similar elongation range between 30 and
40% was previously reported for 10% to 25% GelMA hydro-
gels.15 This suggested HAMA hydrogels exhibited relatively

FIGURE 2 Tensile tests on the HAMA hydrogels produced from different concentrations (5%, 10%, and 20% [w/v]) of HAMA solution

(n = 5) at low and high DM. (A) Representative tensile stress-strain curves, (B) tensile strength, (C) Young’s modulus, and

(D) elongation. (E) Representative SEM images of the HAMA hydrogels fabricated from 5%, 10%, and 20% (w/v) HAMA solutions at

low and high DM (scale bars; 50 μm). Asterisks mark statistical significance levels of p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***).
[Color figure can be viewed at wileyonlinelibrary.com]
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higher stiffness. Nevertheless, comparing the overall mechani-
cal properties of the HAMA and GelMA hydrogels produced
from a high DM, the engineered HAMA hydrogels have better
cohesive properties.

Hydrogel mechanics is one of the important drivers that
determine the efficacy of a tissue adhesive. While a softer
hydrogel can easily deform in a mechanically dynamic envi-
ronment such as the human body, a stiffer hydrogel can cause
a severe foreign body response, inhibiting the wound healing
process.38 However, it is also generally accepted that cell pro-
liferation and differentiation increases with the stiffness of the
matrix. Cells on the stiffer substrate were seen to have stiffer,
more organized cytoskeletons and stable focal adhesions than
on the softer substrate.55 In addition, the enzymatic degrada-
tion of hydrogels has been shown to decrease with an
increase in stiffness.33 Considering these results, it could be
suggested that the HAMA hydrogels, which exhibited better
cohesive properties, might be able to withstand deformation
much better, support cell differentiation and proliferation at

the wound site, as well as allow natural wound healing to
occur while degrading slowly. Furthermore, the tensile test
results show that the mechanical properties of the HAMA
hydrogels can be fine-tuned by varying the DM and concentra-
tion in the precursor solution, which is ideal for tailoring the
mechanical properties to suit that of the surrounding tissues.

Adhesion Properties of HAMA Hydrogels
To evaluate the adhesive characteristics of the engineered HAMA,
standard lap shear and wound closure tests were first performed
on the 5%, 10%, and 20% (w/v) HAMA hydrogels at a high DM,
and the results were compared with that of the corresponding
5%, 10%, and 20% (w/v) GelMA hydrogels. Furthermore, to
determine the usability of the HAMA under in vivo conditions,
HAMA hydrogels were photocrosslinked to the porcine skin and
placed under wet and dynamic conditions. Their survival on the
porcine skin was then recorded for several weeks.

Representative force-displacement curves for 5%, 10%, and
20% HAMA hydrogels are shown in Figure 3(b), and for the

FIGURE 3 (A–C) Lap shear tests to determine the shear strength of HAMA hydrogels produced from 5% (w/v), 10% (w/v), and 20%

(w/v) of HAMA in precursor solution at high DM. (A) Schematic illustration and photographs showing the lap shear tests,

(B) representative force-displacement curve obtained from lap shear tests, and (C) average maximum shear strength of HAMA

hydrogels produced from different concentrations of precursor solution. Error bars represent standard deviation from the mean

(n = 6). (D–F) Adhesion tests with porcine skin to characterize wound closure performance of the HAMA hydrogels prepared from

different concentrations at high DM. (D) Schematic illustration and photographs showing the adhesion tests, (E) representative force-

displacement curve obtained from adhesion tests, and (F) maximum adhesive strength of HAMA hydrogels produced from different

concentrations of precursor solution. Error bars represent standard deviation from the mean (n = 6). [Color figure can be viewed at

wileyonlinelibrary.com]
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5%, 10%, and 20% GelMA hydrogels [Supporting Information
Fig. S5(a)]. HAMA hydrogels showed a steady increase in
shear strength as the concentration was increased from 5% to
20% [Fig. 3(c)]. The shear strength of 5%, 10%, and 20%
hydrogels were 9.14 � 3.55, 30.95 � 12.18, and
49.30 � 13.31 kPa, respectively. In comparison to the GelMA
hydrogels [Supporting Information Fig. S5(b)], the shear
strength of HAMA hydrogels was a minimum of 2-fold higher.
In addition, the maximum for the 20% HAMA was 3.2-fold
higher than that reported for a fibrin-based adhesive (15.38 �
2.82 kPa).56

Next, the adhesive strength under tensile stress was deter-
mined by a standard wound closure test on the native skin
(porcine skin). Representative force-displacement curves for
5%, 10%, and 20% HAMA hydrogels are shown in Figure 3
(e) and results for the 5%, 10%, and 20% GelMA hydrogels
[Supporting Information Fig. S5(c)]. Hydrogels prepared from
20% (w/v) HAMA concentration in precursor solutions exhib-
ited the highest adhesive strength [Fig. 3(f )]. The adhesive
strength of 5%, 10%, and 20% HAMA hydrogels were
3.56 � 1.295, 8.80 � 1.55, and 13.06 � 1.47 kPa, respectively.
These values were significantly higher than those associated
with the corresponding GelMA hydrogels [Supporting Infor-
mation Fig. S5(d)]. For example, the adhesive strength of 10%
and 20% HAMA hydrogels were ~5 and 3-fold higher than
that of 10% and 20% GelMA hydrogels, respectively. Further-
more, the adhesive strength of the 20% HAMA hydrogels was
more than ~3.2-fold higher than that of the reported value for
fibrin glue (4.0 kPa), which is one of the most widely used
biologically derived adhesives in clinical applications.57

The reasons for the photocrosslinkable adhesives having good
adhesion to the native skin have been generally attributed to
hydrogel-tissue interlocking and covalent bond formation

between the hydrogel and tissue arising from the free radicals
generated during photocrosslinking.58,59 In addition, for adhe-
sives consisting of hydrophilic polymers, it can also be due to
the hydrogen bonding between the free hydroxyl groups in
the polymers and the tissue surface.60 Thus, these factors
might have contributed to the adhesion of both HAMA and
GelMA hydrogels. It was observed during a wound closure test
that both HAMA and GelMA hydrogels broke at the wound site
but did not detach from the porcine skin, suggesting higher
adhesive strength than fracture strength. However, HAMA
hydrogels broke at a higher force than GelMA hydrogels show-
ing higher fracture strength. This might be due to higher
crosslinked density within the HAMA hydrogels. A simple
comparison of molar concentration of methacrylate groups in
both the HAMA and GelMA at the same concentration shows
that the HAMA precursor solution would contain ~107-fold
higher concentration of methacrylate groups. This is expected
to lead to higher crosslinking density within the HAMA hydro-
gels resulting in better fracture strength. The molar concen-
tration of HAMA was calculated by taking into consideration
the molecular weight of the HA disaccharide unit with methac-
rylate groups (448 g mol−1) and DM (181%), and it was found
to be 4.0 mmol of methacrylate groups per gram of HAMA.
Whereas for GelMA, based on a literature method, the molar
concentration of methacryloyl (methacrylamide and methacry-
late) groups was calculated and found to be 0.0375 mmol g−1

of GelMA.61 Detailed calculations are provided in the Support-
ing Information for GelMA. Although the synthesized GelMA
has a high DM, it is worth considering that only amino groups
in the amino acid lysine and a small percentage of hydroxyl
groups in gelatin are generally involved in the reaction with
MA. However, the other amino groups present such as the
arginine-glycine-aspartic acid and matrix metalloproteinase
are not significantly involved.62 This limits the options to fur-
ther incorporate methacrylate groups into gelatin, which

FIGURE 4 Adhesion tests of HAMA hydrogels adhered on porcine skin under wet and dynamic conditions. (A) Schematic of

experimental set up for adhesion tests, (B) photographic images of HAMA hydrogels adhered to the porcine skin at 0 h and after

3 weeks. [Color figure can be viewed at wileyonlinelibrary.com]
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might account for the GelMA hydrogels exhibiting weaker
mechanical properties and faster degradation.

Adhesion Capability of HAMA Hydrogels under Wet and
Dynamic Conditions
Next, we conducted ex vivo tests to determine the adhesion
capability of HAMA hydrogels under wet and dynamic condi-
tions similar to that of the physiological conditions (salt and
temperature). In order for a tissue adhesive to be used in vivo,
it must be able to remain adhered to the target tissue under
wet and dynamic conditions. To determine this, precursor
solutions consisting of 5%, 10%, and 20% (w/v) of HAMA
were dropped on to the wet porcine skin and photocros-
slinked by exposure to UV light. The porcine skin with HAMA
hydrogels was then placed under a PBS solution at 37 �C and,
the solution was stirred at 1000 rpm [Fig. 4(a)]. The 10% and
20% HAMA hydrogels exhibited a firm adhesion to the por-
cine skin under water for 3 weeks while the 5% HAMA hydro-
gel showed a partial break at the initial time (2 day after
attachment) [Fig. 4(b)]. However, it was observed that a small
part of the 5% HAMA hydrogel broke after 2 days, but most
parts of the hydrogel remained intact until 3 weeks. These
results suggest strong adhesion to the porcine skin as well
as the stability of 10% (w/v) and 20% (w/v) HAMA hydrogels
under wet and dynamic conditions. Swelling of hydrogels
in wet environments could lead to a decrease in mechanical
strength and subsequently breakage of the hydrogel.63

Because of the limited water uptake in the highly crosslinked
hydrogels,64 HAMA hydrogels, especially prepared from high
polymer concentration, would undergo less swelling and thus
are expected to have good mechanical stability at the wound
site. Although HAMA is enzymatically degraded by hyaluroni-
dase, hydrogels with higher crosslinked density degrade at a
much lower rate compared to weakly crosslinked hydrogels.47

As the long-term residence in wet and dynamic environments
may influence the material properties of hydrogels, time-
dependent changes in the mechanical and physical properties
of the HAMA hydrogels can be considered as a future work.
Thus, hydrogels prepared from higher concentrations of
HAMA solutions are expected to last longer in physiological
environments, and this could be utilized for encapsulation and
controlled release of a bioactive molecule for chronic wound
healing. Previously, photocrosslinked HAMA has been investi-
gated as a drug delivery system with promising success.65

However, safety and toxicity studies have to be conducted to
translate this work into clinical application.

CONCLUSIONS

In this work, we have developed an in situ photocrosslinkable
tissue adhesive based on HA. A systematic investigation was
carried out to assess the suitability of the engineered HAMA
as a tissue adhesive. The tensile tests revealed that the
mechanical properties of HAMA hydrogels can be tailored by
varying the DM and concentrations in the precursor solution.
The HAMA hydrogels exhibited better cohesive and adhesive
properties than that of the corresponding GelMA hydrogels.
Under wet and dynamic conditions, the HAMA hydrogels

prepared from higher concentrations of HAMA solution exhib-
ited strong adhesion to the porcine skin for several weeks.
Although cytotoxicity and biocompatibility need to be investi-
gated to transfer this work into clinical applications, the tun-
able mechanical properties as well as strong adhesion to
porcine skin under both dry and wet conditions makes HAMA
an ideal candidate for tissue adhesive applications.
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