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A high-strength double network polydopamine
nanocomposite hydrogel for adhesion under
seawatery

Min Liang, 2 Chunpeng He, Jidong Dai, Pengfei Ren, Yifu Fu, Faming Wang,
Xin Ge, Tianzhu Zhang "= * and Zuhong Lu

Mussel-inspired catechol-based strategy has been widely used in the development of underwater
adhesives. Nonetheless, the properties of the adhesives were still severely limited under harsh
environments. A facile approach was proposed herein to prepare a double network hydrogel adhesive
with low swelling rate and high strength in seawater, where the first network was polyacrylamide (PAM)
and the second network was alginate (Alg). Meanwhile, polydopamine (PDA) nanoparticles, which were
formed through self-polymerization as adhesion anchoring sites, distributed evenly throughout the double
network hydrogel and effectively enhanced the adhesion capability of the hydrogel. The properties of the
resulting hydrogel have been fully characterized. The optimal adhesion strength of the hydrogel adhesive
in seawater was as high as 146.84 + 7.78 kPa. Furthermore, the hydrogel also has excellent ability to
promote the growth of zooxanthellae. Our studies provide useful insights into the rational design of
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1 Introduction

Wet adhesives have drawn much attention in a wide range
of fields such as biomedical materials for surgical adhesives,
industrial applications for underwater repair, and various
functional coatings for surface modification." Conventional
adhesives are frequently frustrated in underwater conditions,
especially in physiological and seawater environments, because
the interfacial water molecules block adhesive-substrate
interactions.> When the adhesive materials are applied to
submerged substrates, surface-bound waters will weaken the
interfacial adhesion and destroy the integrity of the adhesive,
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+ Electronic supplementary information (ESI) available: Components of different
hydrogels and artificial seawater, morphology images and particle size of PDA
nanoparticles, shear adhesion strength of PAM;,-Alg, s-PDA, ¢ hydrogel on glass
with different polymerization times of PDA, shear adhesion strength of PAM-PDA
hydrogel with different concentrations of DA and MBAm, reversible surface
adhesion of PAM;,-Alg; s-PDA,, hydrogel by 90-degree peeling test, gelation
time of the hydrogel, tensile loading-unloading curve of the hydrogels, compres-
sive stress-strain curves of hydrogels with different concentrations of Am and DA,
adhesion strength comparison between the PAM-Alg-PDA hydrogel and other
adhesives, and post hoc test to determine statistical differences of shear adhesion
strength and compressive strength of multiple hydrogel groups. See DOI: 10.1039/
dotb00513d
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underwater adhesives with high performances even beyond nature.

creating a barrier to adhesive materials preventing them from
making beneficial contacts.® Although various strategies have
been designed to fabricate various underwater adhesives for wet or
even underwater conditions, including biomimetic adhesives,*’
polymeric adhesives,"® and protein adhesives,'®"" most of the
current underwater adhesives are prepolymers which display a
flow behavior of viscoelastic fluid to achieve effective dispersion of
adhesives. On the one hand, this kind of prepolymerized adhesive
usually cures into a bonding joint without flexibility after reacting
with water molecules, limiting the practical applications in
resisting underwater mechanical movement. On the other hand,
poor biocompatibility and weak ability to load active factors of
the prepolymerized adhesives limit their application in the
biomedical field. Hydrogels, as a water-swollen three-dimensional
network based on hydrophilic polymer chains, have special rheo-
logical properties, good ductility and strong toughness."* The
hydrogel can be used typically as a viscoelastic solid adhesive for
underwater adhesion to compensate the defects of viscoelastic
fluid adhesive. However, traditional hydrogel adhesives are liable
to lose their adhesion ability and mechanical properties in a wet
environment in a shorter period, because of their strong swelling
hydration.”” In general, in view of the complexity of surface
modification,'*'* the development of a tough underwater hydrogel
adhesive completely based on a chemical reaction with strong
and durable adhesion under harsh conditions (e.g., physiological
environment and seawater) has remained a challenge in adhe-
sion science and materials engineering.

This journal is © The Royal Society of Chemistry 2020
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Nature always inspires human beings in many ways. Mussels
living in the ocean secrete mussel foot proteins (mfps) in the
form of a dense coacervate with two oppositely charged func-
tional groups, which are impressive for their glue power on
These mfps are
mainly composed of 20-30 mol% 3,4-dihydroxyphenylalanine
(DOPA) and ~20 mol% cationic lysine. The synergistic effect of
these two functionalities make low interfacial energy of the
coacervate to realize robust underwater adhesion."” Therefore,
in order to address the above challenges, it is very attractive to
prepare catechol-based hydrogel adhesives inspired by mussel’s

diverse submerged substrates in the ocean.'®

excellent anti-wet adhesion performance. Quite often, deriva-
tives of catechol, including dopamine (DA) and polydopamine
(PDA), are used to simulate mfps."®'® PDA is a nanocluster
hybrid formed by oxidation of DA. The molecular structure of
PDA is similar to that of mfps and PDA can easily adhere to
almost all types of surfaces.’>*! In addition, the reversible non-
covalent interactions within PDA, including n-n stacking and
hydrogen bonds, can effectively dissipate energy during hydro-
gel deformation and prevent crack propagation by broken
bonds during mechanical failure to enhance the toughness
and stiffness of hydrogels.>> More noteworthy is that phenolic
hydroxyl groups on the PDA chains enable superior cell viability
and tissue adhesion properties.?*

It has been elucidated that catechol-based hydrogel adhe-
sives can strongly adhere to any rough surface based on the
combination of noncovalent and/or covalent interactions with
the substrate.>*> However, a single network design of catechol-
based hydrogel adhesives reported previously usually showed
weak mechanical strength and poor deformability after long-
term application in a wet environment,*® and most of them
are metal ion-crosslinked hydrogels with potential toxicity.>”
Therefore, double network hydrogels, as a kind of double-
reinforced polymer network material, can provide a possibility
for long-term underwater applications of adhesives to meet the
requirements of significant mechanical properties and highly
reversible deformation properties.

Recently, an ionically and covalently crosslinked polyacrylamide-
alginate (PAM-Alg) double network hydrogel with highly stretchable
capability and exceptional toughness was reported.”® *° PAM and Alg
also provide a strengthening mechanism and have a cooperative
effect. The high viscosity of sodium alginate (Alg-Na) and the gelling
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ability of alginate networks with divalent/trivalent cations make the
PAM-Alg hydrogel particularly suitable for high salinity environ-
ments such as seawater.>** Furthermore, it has been proved that
some double network hydrogels, one of the networks of which was
catechol-alginate polymer chain, can achieve strong adhesion effect
underwater. The main focus of this kind of hydrogel was covalent
attachment of catechol groups to side-groups of alginate.**** How-
ever, the decrease of adhesion ability caused by the inevitable
oxidation of catechol groups and the complexity of preparation of
these hydrogels caused by grafting catechol groups imposed a series
of limitations on mussel-inspired adhesives.>> Consequently, it is
more preferred to construct a catechol-based double-network hydro-
gel adhesive with strong and durable adhesion under seawater using
a simple method.

Herein, a mussel and algae inspired synergy strategy was
proposed to fabricate a low swellable, high adhesion and
strength nanocomposite hydrogel under seawater. This hydro-
gel consisted of two networks which are crosslinked physically
and chemically. One is a covalently crosslinked PAM network,
and another is cation (Ca*>" or Mg>*)-chelated calcium alginate
(Alg-Ca) or magnesium alginate (Alg-Mg) network. The self-
polymerized PDA nanoparticles distributed uniformly through-
out the hydrogel system were first formed by rapid oxidation of
DA in an alkalescent environment. In the process of formation
of PDA, the free-radical polymerization of acrylamide (Am)
monomer was triggered to form a PAM network with addition
of a crosslinking agent, the formed PAM network can further
prevent excessive oxidation of DA to maintain enough free
phenolic hydroxyl groups. The existence of a finally formed
alginate network (Alg-Ca or Alg-Mg) contributed to low swelling
rate of the composite hydrogel, and thus inhibited the destruc-
tion of the hydrogel by seawater hydration (Scheme 1). These
multiple interactions among phenolic hydroxyl groups of PDA,
hydroxyl groups of Alg, and amino groups in PAM, as well as
reversible non-covalent interactions in PDA, enable hydrogels
to transfer loads effectively during mechanical deformation. In
general, the PAM-Alg-PDA hydrogel combined the advantages of
a double network and PDA together, and therefore it can achieve
high adhesion capability, excellent mechanical properties and
remarkable cell compatibility in seawater. The hydrogel adhesive
exhibited the potential for wet environment applications in the
biomedical field, such as tissue adhesives.

Scheme 1 Schematic structure of PAM—Alg—PDA hydrogel adhesive.

This journal is © The Royal Society of Chemistry 2020
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2 Experimental
2.1 Materials

Sodium alginate (Alg-Na, 200-500 mPa s), dopamine hydro-
chloride (DA), triethanolamine (TEA), acrylamide (Am), ammo-
nium persulfate (APS), N,N'-methylene bis-acrylamide (MBAm)
and all inorganic salts used in the preparation of artificial
seawater were purchased from Aladdin Industrial Inc. (Shanghai,
China). Zooxanthellae and F/2 Medium were purchased from
Guangyu Biological Co., Ltd (Shanghai, China). A CCK-8 cell
viability assay kit was purchased from Kaiji Biotechnology co.,
Ltd (Jiangsu, China). All chemicals and solvents were used
without further purification.

2.2 Preparation of hydrogel adhesives

Alg-Na, Am and MBAm with different mass fractions (Table S1,
ESIt) were fully dissolved in TEA buffer solution (0.2 M,
pH = 9.8), then DA was added with stirring for 20 min to make
DA self-oxidize to PDA (Fig. S1, ESIt). APS solution and the
above solution were uniformly mixed to form a single network
PAM-PDA hydrogel. The unreactive monomer was removed
by rinsing with deionized water, and then the hydrogel was
completely immersed in artificial seawater (Table S2, ESIt) to
further form double network PAM-Alg-PDA hydrogel adhesive,
which can work in seawater.

2.3 Structural and morphological characterization of
hydrogels

The structural analysis of hydrogel adhesives was performed
using a Fourier transform infrared (FTIR) spectrometer (Nicolet
5700, Thermo Fisher Scientific, America). The samples were
recorded in the wavelength range of 4000-500 cm™* using KBr.
The microstructure and surface morphology of the freeze-dried
hydrogels was observed using a field emission scanning electron
microscope (Ultra Plus, Carl Zeiss, Germany).

2.4 Adhesion test

The prepared PAM-Alg-PDA hydrogel sample [cylinder,
diameter (D) = 35 mm, height (H) = 1.5 mm] was directly
adhered between the center of the polypropylene cap and other
different substrates (e.g., high density polyethylene (HDPE),
polytetrafluoroethylene (PTFE), rubber, steel, shell, and glass)
as an intuitive display of the adhesion effect under seawater.
The adhesion properties of the hydrogels were investigated by
glass lap shear tests according to ASTM F2255-05 (2015) on the
tensile testing machine (FLR-303, Flora Automatic Technology,
China) at the testing speed of 10 mm min . All glass substrates
were pretreated by rinsing with ethanol and deionized water
and then dried before the test. The lap shear joint [length (L) x
width (W) = 25 x 25 mm] was completely fabricated by adding
100 pL pre-gel adhesive solution between two substrates in air
(dry environment groups) and in seawater (in seawater groups),
respectively. Addition of a weight (100 g) held the substrates
together for 30 min, the prepared joint with an iron clip was
placed in air and artificial seawater for 6 h and 24 h, respec-
tively. The samples of the seawater group were taken out from
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seawater and dried in air for 6 h. Shear adhesive strength was
defined as the ratio of maximum tensile force at joint failure to
the joint overlap area. The measurements of each sample were
repeated at least five times (N = 5).

2.5 Swelling behavior

The prepared hydrogel sample [cube, L = W = H = 10 mm] was
immersed in artificial seawater and weighed at specific time to
investigate the swelling performance via the traditional swelling
method at room temperature. The swelling rate (SR) was defined
as follows (N = 5):

Swelling rate(%) = w x 100%. (1)

i
where W and W; are the weight of the swelling samples at
different time points and the original samples, respectively.

2.6 Rheological measurements

The dynamic rheological properties of pre-formed hydrogel
samples [cylinder, D = 25 mm, H = 1.0 mm] were characterized
at 25 °C using a strain-controlled rheometer equipped with
25 mm parallel plates (MCR 302, Anton Paar, Austria). The dynamic
frequency sweeps were performed in the linear viscoelastic
region of materials at 1.0% strain amplitude.

2.7 Mechanical test

The tensile samples [Cuboid, L = 45 mm, W = 1-3 mm, H = 40 mm]
with a spacing of the clamps of 10 mm and compressive
samples [cylinder, D = 25 mm, H = 20 mm] were prepared to
perform the tensile test (FLR-303, Flora Automatic Technology,
China) and compressive test (Instron 5940, Instron, America) at
the speed of 5 mm min~*. The nominal stress is the applied
force divided by the cross-sectional area of the undeformed
sample. The strain is the length of a deformed sample divided
by the initial length. The elastic modulus of tensile samples is
obtained by calculating the slope of the stress—strain curve in the
linear region. Compressive strength of the sample was deter-
mined by the ratio of the force at 90% strain (before immersion
groups) or the maximum force required to crush the sample
(after immersion groups) to the contact area (N = 5).

2.8 Cytocompatibility evaluation

Zooxanthellae cells were used to evaluate the cell compatibility
of hydrogels through using CCK-8. Briefly, suspended
zooxanthellae cells collected from symbiotic corals were
cultured on F/2 medium (23 °C, 12 h light/12 h dark). The
samples (S = 0.32 cm?, H = 1 mm) were purified by deionized
water, 75% ethanol and F/2 medium, and then laid on the
bottom of a 96-well plate. A count of 2 x 10* cells per well was
seeded into a 96-well plate and incubated with a hydrogel.
The cell viability was assessed after 2 days, 3 days, 4 days,
5 days, and 6 days of culture. 10 pL CCK-8 solution was added
to each well and incubated at 23 °C under light for 6 h. Later,
100 pL of the supernatant solution were transferred to another
96-well plate. The absorbance of the solution was measured
using a Microplate Reader (Multiskan FC, Thermo, America) at

This journal is © The Royal Society of Chemistry 2020
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450 nm. The cell viability was calculated using the following
equation (N = 5):
As— A
Cell viability (%) = ==—= x 100. )
Ac — Abe
where Ag, A, Aps and Ay, represent the absorbance of the sample
groups, control groups (without hydrogels), blank groups for
the sample (without cells), and blank groups for the control
(without cells and hydrogels), respectively.

2.9 Statistical analysis

Statistical analysis of data was performed by one-way analysis of
variance (ANOVA) using IBM SPSS 23.0 software. Post hoc
comparisons were performed using Tukey’s honest significant
difference (HSD) test to compare means of multiple groups.
Results were expressed as mean + standard deviation, with
p values < 0.05 indicating significance.

3 Results and discussion

3.1 Structural and morphological analysis of PAM-Alg-PDA
hydrogel

The FTIR spectra of hydrogel materials and individual compo-
nents are shown in Fig. 1. The strong absorption band of Alg-Na
at 1028 cm ™ refers to the ~CO- stretching vibration peak of an
acetal structure, which is the characteristic peak of a B-1,4
glycosidic bond.*® The peaks of PDA near 1500 cm ' corre-
spond to aromatic rings, and the bands near 3400 cm ™ refer to
the overlap of water adsorbed in PDA polymers and the hydro-
xyl groups of PDA.?” The PAM hydrogel has the following peaks:
3500-3100 cm ' (stretching vibration of N-H), 2929 cm '
(antisymmetric stretching vibration of -CH,), 1655 cm™
(stretching vibration of C=0, amide I), 1618 cm™ " (in-plane
deformation of primary amine -NH, amide II), 1450 cm ™" (shear
vibration of -CH, in plane), 1419 cm ' (stretching vibration
of primary amide -CN), 1350 cm ™' (deformation of ~CH) and
1095 cm™ " (in-plane swing of -NH,). The relative intensity of
the absorption peak at 1201 ¢cm ' (stretching vibration of

1

PAM
1201
Alg-Na 2929 13% 1093
9 3199 1655
PDA 35 1028
3313, 1608
1404
PAM-PDA
1201
3423 1342 PN
2927
M-Al PDSABO 1655 1099 1068
- g-
404 2929 1340 i\1258
3192 1855 1095 1059

— T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenmuber (cm™)

Fig. 1 The FTIR spectra of hydrogel materials and individual components.

This journal is © The Royal Society of Chemistry 2020
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aliphatic amines C-N) of the PAM-PDA hydrogel was increased
in comparison to the PAM hydrogel and PDA, indicating that
C-NH, of PAM reacted with the phenolic hydroxyl groups of
PDA.*® In addition, a hydrogen bond causes the band to shift
toward low frequency for stretching vibration, while a hydrogen
bond causes the band to shift toward high frequency for
bending vibration.*® Most of the characteristic stretching vibra-
tion absorption peaks of PAM-PDA hydrogels shifted toward
low frequency in comparison to a single component, indicating
that there was a certain combination between the components
caused by non-covalent forces, such as hydrogen bonds. By
analyzing the shift of characteristic absorption peaks, it can be
found that Alg-Na weakened the partial non-covalent inter-
action between PDA and PAM. Moreover, compared with
PAM-PDA hydrogels, the absorption band of PAM-Alg-PDA
hydrogel showed a new peak at 1258 cm ™! (stretching vibration
of C-N), which can be assigned to the multiple interactions
among C-NH, of PAM and phenolic hydroxyl groups of PDA
and/or hydroxyl groups of Alg.**

The internal morphology of the freeze-dried hydrogels was
observed under scanning electron microscope (Fig. 2). The
inner surface of PAM and PAM-PDA single-network hydrogels
before immersion in seawater was relatively smooth, and
their structure with extremely large pores was easily collapsed.
Alg-Na, as a high molecular weight polymer, was responsible
for supporting the structure of the hydrogel. Therefore, with
an increase of Alg-Na concentration, the interconnected three-
dimensional porous network structure tends to be regular and
compact. After seawater immersion, there was a certain degree of
erosion inside all samples, which was affected by the complex
ionic components in seawater and the hydration for a long
period.?® The structure of PAM and PAM-PDA hydrogels became
compact with pores basically lost. Thanks to the secondary
network constructed by Alg-Na with divalent cations in seawater,
the PAM-Alg-PDA hydrogel still has a porous network structure.
Compared with the particularly large or loose pore structure,
such interconnected pores can provide excellent gas penetration
paths, which are structurally beneficial for the enhancement of
underwater adhesion ability and cell proliferation.

3.2 Adhesion ability of PAM-Alg-PDA hydrogel

The PDA nanohybrid was formed by self-polymerization in
alkalescent TEA buffer solution. Over the polymerization time,
the size of PDA nanoparticles also increased, indicating the
different degree of oxidation (Fig. S1, ESIt). After about 15 min
of polymerization, the PDA polymerization rate gradually slowed,
accompanied by stable adhesion ability (Fig. S2, ESIT). Besides,
the content of DA and MBAm in the PAM-PDA hydrogel was
systematically optimized in terms of dry adhesion performance
(Fig. S3, ESIf). The PAM hydrogel showed little adhesion
force, while PAM-Alg-PDA hydrogels have excellent adhesion
properties because they simulated the principle of underwater
adhesion of mussels. They can successfully adhere to solid
substrates with different surface energies including organic
(HDPE, PTFE, rubber) and inorganic (steel, shell, glass) surfaces
in seawater (Fig. 3a). The excellent adhesive force was mainly

J. Mater. Chem. B, 2020, 8, 8232-8241 | 8235
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Fig. 2 SEM morphology images of cross sections of PAM-Alg—PDA
hydrogel with different concentrations of Alg-Na, PAM—PDA hydrogel
and PAM hydrogel (a) before immersion in artificial seawater and (b) after
immersion in artificial seawater for 3 days.

ascribed to the physical interactions between the free catechol
groups of PAM-Alg-PDA hydrogels and the solid substrate. In
addition, the “crosslinked network” formed via autoxidation of
PDA, the mechanism of which has not been fully elucidated, also
plays an important role in adhesion.*® The hybrid structure of
PDA can interact with various contact surfaces to form cation-n
interactions or n-n stacking, so that the PAM-Alg-PDA hydrogel
can adhere to various substrate surfaces.*’ Due to the non-
covalent chemical adhesion of the hydrogel, it can repeatedly
adhere to glass, ceramic and steel substrates in a dry environ-
ment. Reversible surface adhesion tests on the glass showed that
the interfacial toughness of the hydrogel decreased by 56% after

8236 | J Mater. Chem. B, 2020, 8, 8232-8241
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10 cycles (Fig. S4, ESIT). Unfortunately, the lack of strategies to
remove the surface hydration layer makes it difficult for hydrogel
to achieve repeatable adhesion in seawater (Fig. S4 and S5, ESIY).

Moreover, glass was chosen as the major challenging sub-
strate for quantified shear adhesion tests in here due to its
lower surface roughness and weaker interfacial interactions
than aluminum.*>*> Concentration effects of three different
network components on the adhesion strength of the hydrogel
was evaluated. For PAM, as the sparsely cross-linked first net-
work (Myeam : Mam = 0.8%), the swelling and hydration caused
by its high concentration will destroy the adhesion ability in
seawater (Fig. 3b). The concentration of PDA was an important
parameter to affect the adhesion. Low concentration PDA can
effectively enhance the adhesion of double network hydrogel.
Nevertheless, PDA can compete with Am for free radicals
triggered by APS in the polymerization reactions, so excessive
PDA concentration will seriously affect the gelling effect and
adhesion (Fig. 3c). The Alg-Na content can also have a major
impact upon adhesion (Fig. 3d). The adhesion force in a dry
environment and in seawater increased first and then
decreased with higher Alg-Na concentration. It is well known
that an effective underwater adhesion requires both maximum
interfacial contact area as well as strong mechanical strength of
the material to resist water molecule or other destructive
forces.*>** Consequently, the balance between them is crucial
in underwater adhesion. On the one hand, shifting the balance
too much toward bond forming results in a bond that lacks
internal strength,* as shown by the samples of Alg-Na content
less than 1.5 wt%. It can be seen from SEM that these samples
have a large pore structure to absorb more water molecules,
so the lack of mechanical strength makes them suffer more
negative effects under long-term hydration, even if the high
viscosity of Alg-Na can contribute to excellent adhesion in a dry
environment. On the other hand, erring in the other direction
will diminish interfacial adhesion,’ as shown by the samples of
Alg-Na content greater than 1.5 wt%. Although the chelation of
excessive Alg-Na with divalent cations in seawater provides
sufficient mechanical strength to the hydrogel, and the dense
pore structure weakens the hydration effect. An excessive con-
tent of Alg-Na may weaken the adhesion site effect of PDA and
influence the penetration of divalent cations, which may cause
poor underwater adhesion. Besides, ANOVA with the Tukey’s
HSD test indicated partially statistical differences between mean
adhesion of hydrogels at varying content of Am and DA and Alg-Na,
respectively (Tables S3-S5, ESIT). In general, the surface adhesion
and mechanical strength of PAM;,-Alg; s5-PDA, ¢ hydrogel reached
the optimal balance, and its adhesion strength was determined
to be 146.84 + 7.78 kPa in seawater after 24 h. The value of
adhesion strength of an optimized hydrogel was relatively high
in the current literature reports on the underwater adhesion
property of hydrogel materials (Table S6, ESIT). Nonetheless, it
must be noted that despite the data presented, the adhesion
strength may vary largely because of differences in measuring
conditions. Furthermore, the long-term adhesion on glass of
the hydrogel adhesive in seawater was also measured (Fig. 3e).
It can be seen that the adhesion strength of hydrogels

This journal is © The Royal Society of Chemistry 2020
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decreased over immersing time. The lap-shear adhesion
strength of PAM;,-Alg; s-PDA,¢ hydrogel was decreased to
43.28 £ 4.45 kPa after immersion in seawater for 14 days. Even
so, its adhesion strength was still far higher than that of PAM,
PAM-PDA and PAM-Alg hydrogels. It has been widely accepted
that the catechol structure of DA can be easily oxidized into
quinone or semi-quinone structure, thereby weakening the
adhesion performance.*® Distinct from DA covalently grafted
on the side-groups of Alg-Na or other hydrogels, PDA nano-
particles were introduced in a double network hydrogel
through polymerization in situ before hydrogel formation.
This strategy is expected to provide long-term adhesion for
PAM-Alg-PDA hydrogels by effectively reducing the negative

This journal is © The Royal Society of Chemistry 2020

effect caused by the slow oxidation of catechol groups on the
adhesion capability.

3.3 Swelling behavior of PAM-Alg-PDA hydrogels

Swelling rate is one of the vital properties of hydrogels. In
consideration of the destruction of the interface between adhe-
sives and substrates due to hydration, the hydrogel with lower
swelling rate has more advantages when it adheres to substrates
in seawater.”” As shown in Fig. 4, the equilibrium swelling of all
hydrogels was achieved after 3 days immersion in seawater. The
PAM-PDA hydrogel exhibited the highest swelling rate in all
samples, approaching 337.77 £ 11.38%, followed by the PAM
hydrogel. The reason for this phenomenon is that the PAM-PDA
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hydrogel had a more internal porous structure than that of the
PAM hydrogel, and PDA contains a large number of hydrophilic
groups. However, the swelling rate of the prepared PAM-Alg-PDA
hydrogels only ranged from 186.85 + 2.23% to 301.45 £ 11.01% at
3 days, and it was decreased with higher Alg-Na concentration.
The construction of a double network in PAM-Alg-PDA hydrogels
made the internal structure of the hydrogel more compact, which
can be observed in SEM. Consequently, the chelation of Alg-Na
with divalent cations could effectively reduce the swelling rate of a
composite hydrogel in a seawater environment, thereby reducing
the damage of seawater to the adhesive surface and bulk mechan-
ical strength.

3.4 Rheological behavior of PAM-Alg-PDA hydrogels

Tough mechanical properties of adhesive materials is the pre-
mise of practical applications. However, it is still challenging
for previously reported underwater adhesives, particularly in
seawater.”>*® Fig. 5 showed the dynamic rheological behavior
of the hydrogels. The storage modulus (G’) and the loss modulus
(G") of all hydrogels increased gradually with increasing shear
frequency, and G’ was much larger than G” in the frequency range
of 0.1-100 Hz, indicating that the hydrogel systems displayed a
predominantly solid-like behavior (Fig. 5a). After immersion in

View Article Online
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seawater for 3 days, the G’ of PAM and PAM-PDA hydrogels
decreased significantly, suggesting that the stiffness of
the hydrogel was significantly lost. However, the mechanical
properties of the PAM-Alg-PDA hydrogel changed from visco-
elasticity to rigidity after seawater immersion, which can be
indicated by the increase of G’ (Fig. 5b). Besides, the PAM-Alg-
PDA hydrogel exhibited enhanced G’ with higher Alg-Na con-
tent after seawater immersion, revealing that the construction
of a double network structure contributes to a higher stiffness
of the PAM-Alg-PDA hydrogel (Fig. 5c¢).

3.5 Mechanical property of PAM-Alg-PDA hydrogels

Hydrogels exhibited very low stiffness before immersion in
seawater, which is greatly related to the low concentration of
crosslinking agent (mypam : Mam = 0.8%). The tensile strain of
the PAM;,-Alg,; s-PDA, ¢ hydrogel did not change significantly
before immersion (stored at 25 °C for 3 days) and after immersion
in seawater for 3 days (Fig. 6a). After immersion in seawater, the
elastic modulus of the PAM-Alg-PDA hydrogels was increased
through the completely constructed double network (Fig. 6¢). And
the elastic modulus increased with higher Alg-Na concentration,
accompanied by decreased tensile strain (Fig. 6d). Moreover,
compared with one before immersion, the tensile loading-
unloading curve indicated that the PAM-Alg-PDA hydrogel
after immersion in seawater has a weak mechanical hysteresis
effect (Fig. S8, ESIT).

In addition, the compressive mechanical properties of the
hydrogels were also characterized by a mechanical testing
machine. The stress-strain curve showed the non-linear mechanical
behavior of the hydrogel during compression, and the Young’s
modulus increased with the compression ratio both before
and after immersion in artificial seawater (Fig. 6e and f). The
higher compressive strength of the hydrogel material has a
positive effect on persistent underwater adhesion. All prepared
hydrogels can withstand the compression stress of MPa grade,
and they retain their original shape after being compressed
to 90% deformation (Fig. 6b). However, excessive hydration
softening of single network hydrogels leads to a lack of bulk
cohesion, and then results in a significant decrease in com-
pressive strength. Construction of double network hydrogels is
undoubtedly an advisable choice, because their unique network
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Fig. 5 The dynamic rheological behavior of various hydrogels. (a) The storage modulus (G’) and loss modulus (G”) of hydrogels before immersion in
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Fig. 6 The mechanical properties of various hydrogels. (a) Tensile strain of PAM;,—-Alg; s—PDAg ¢ hydrogel did not change significantly before immersion
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3 days; compressive stress—strain curves of hydrogels with different concentrations of Alg-Na before immersion (e) and after immersion in artificial
seawater for 3 days (f), respectively; (g) compressive strength of the PAM-Alg—PDA hydrogel with different concentrations of Alg-Na, PAM—PDA hydrogel
and PAM hydrogel (*p < 0.05, **p < 0.01, vs. the maximum compressive strength in the same test environment).

structure and effective energy dissipation mechanism allow the
hydrogel adhesive to bear a greater force and greater shape
deformation.*® The PAM-Alg-PDA hydrogels can reduce the loss of
compressive strength after swelling in seawater versus a single
network hydrogel. The compressive strength could be modulated
over a broad range (0.06-0.27 MPa) to match various types of
adherends by varying the content of Alg-Na (Fig. 6g). Thus, the
incorporation of Alg used as a second network could improve the
bulk compressive capacity of PAM-PDA hydrogels under seawater,
due to the chelation with divalent cations in seawater.”® Besides, the
concentration of Am and DA also affected the compressive proper-
ties of hydrogels before and after immersion (Fig. S8, ESIt). ANOVA
with Tukey’s HSD test showed partially statistical differences
between mean compressive strength of hydrogels with different
Am, DA and Alg-Na contents, respectively (Tables S7-S9, ESIY).
Although adhesives formulated at 1.5 wt% of Alg content demon-
strated a good balance of surface adhesive and mechanical strength
in an adhesion test under seawater for 24 h as described above, the
increased compressive strength via strengthened chelation between
the Alg network and seawater of the adhesive polymer revealed that
hydrogels prepared at higher concentrations of Alg (e.g:, 2 wt%)
may have more advantages in long-term adhesion.

3.6 Cytocompatibility of PAM-Alg-PDA hydrogels

Marine environment is closely related to human health, so the
adhesive system used in seawater must be environmentally

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 The cell viability of various hydrogels for zooxanthellae (*p < 0.05,
**p < 0.01, vs. the cell viability of the PAM hydrogel at the same time point).

friendly and free of cytotoxicity. Zooxanthellae is a symbiotic
dinoflagellate residing inside many invertebrates (e.g., coral,
actiniaria) in the ocean.’® The cell viability of zooxanthellae
cultured with hydrogels was evaluated through the CCK-8 assay
(Fig. 7). The PAM hydrogel exhibited slight cytotoxicity at all
time points. Nevertheless, the introduction of PDA containing
abundant hydroxyl and amine groups into polymer systems is
often beneficial for the adhesion, spreading and growth of cells,
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showing enhanced cytocompatibility.”™>* It was observed that
the cells in the PAM;,-Alg; s—PDA, ¢ hydrogel groups moved in a
similar circular motion to those in the control groups. Besides,
there was no significant difference between the cell viability of
PAM-Alg-PDA and PAM-PDA hydrogels (P > 0.05). Conse-
quently, it can be considered that the PAM-Alg-PDA hydrogel
system in this study has excellent cytocompatibility, and even
can actively promote zooxanthellae cell proliferation.

4 Conclusions

In conclusion, a bio-inspired synergy strategy based on mussels
and algae was proposed to design a tough double network
hydrogel adhesive with high adhesive strength under wet
conditions, especially in seawater. PDA nanoparticles were
in situ-formed other than chemically grafted onto Alg or PAM
chains, and distributed evenly throughout this double network
hydrogel. The combination of the PDA nanoparticles and
double network in the PAM-Alg-PDA hydrogels led to excellent
underwater adhesion for various substrates in the artificial
seawater environment, and the adhesion ability was related to
the content of Alg-Ca or Alg-Mg. The synergistic effect of the
adhesive surface and the dissipative matrix contributed to
higher adhesion and mechanical strength for the hydrogel in
seawater. Besides, the hydrogel adhesive has excellent cytocom-
patibility for zooxanthellae, due to high cellular affinity of PDA.
The coordination of adhesion and strength of adhesive has
been achieved in this strategy of construction of a bioinspired
hybrid hydrogel in seawater. It would serve to develop flexible
materials which have strong and durable adhesive performance
for wet environment applications in the biomedical field.
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