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Enzymatically crosslinked alginate hydrogels with
improved adhesion propertiesti

Junxia Hou,? Chong Li,? Ying Guan,*® Yongjun Zhang*® and X. X. Zhu*®

Enzymatic crosslinking of polymer—phenol conjugates in the presence of horseradish peroxidase (HRP)
and H>O, has emerged as an important method to synthesize in situ-forming, injectable hydrogels. Here
we show that the alginate—dopamine (Alg—DA) conjugate, a polymer with catechol side groups instead of
phenol groups, also gels in situ in the presence of HRP and H,O,. The effects of various factors, including
the concentration of HRP, H,O,, and the polymer, and the degree of substitution of the polymer, on the
gelation rate and the mechanical strength of the resulting gels, were studied by rheology. The influence
of these factors on the gelling of catechol-functionalized polymer is similar to their influence on phenol-
functionalized polymers, suggesting that they have a similar crosslinking mechanism. Compared to the
phenol-functionalized alginate—tyramine (Alg—TA) hydrogel, catechol-functionalized Alg—DA gels exhibit
significantly improved adhesion properties. When both the polymers have a degree of substitution of 10%,
the adhesion strength of the latter is about 10-fold of the former. Replacement of phenol groups with
catechol groups also results in very different cell behaviour. While the cells seeded on the Alg—TA gels do
not attach onto the substratum, they attach onto the Alg—DA gels and exhibit a spread morphology. The
significantly enhanced adhesion properties of the Alg—DA hydrogels are attributed to the catechol
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Introduction

Hydrogels are crosslinked three-dimensional networks of
hydrophilic polymers. Because of their unique properties, such
as high water content, biocompatibility, low inflammatory
response and mechanical properties similar to real tissues,
hydrogels have found a wide range of biomedical applications,
including drug release, biosensing and tissue engineering.' In
the recent years in situ-forming hydrogels, or injectable hydro-
gels, are receiving more and more attention. Unlike the pre-
formed hydrogels, homogeneous encapsulation of bioactive
molecules and/or cells in the in situ-forming hydrogels can be
achieved by a simple mixing. They can be implanted facilely by
injection. In addition, they can fill the defects with any shape.
Therefore, from a clinical point of view, in situ-forming hydro-
gels are more desirable for many biomedical applications.*”
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moiety, a structure found in the adhesive proteins of blue mussels.

A lot of in situ gelling systems, either gelled via physical
interactions or chemical reactions, have been designed in the
last few years.® An interesting gelling system is based on
enzyme-catalyzed crosslinking reactions. In this system, cross-
linking was achieved via the oxidative coupling of phenol or
aniline moieties in the presence of H,0,. The reaction was
catalyzed by an enzyme, usually horseradish peroxidase (HRP),
a single-chain f-type hemoprotein.*® Kaplan et al.’ reported
the in situ formation of hydrogels from poly(aspartic acid)
functionalized with tyramine (TA), tyrosine or aminophenol in
the presence of H,O, and HRP. Kurisawa et al.'® reported the
enzymatic crosslinking of hyaluronic acid-TA conjugates. Jin
et al.” synthesized dextran hydrogels via the enzymatic cross-
linking of dextran-tyramine conjugates. These hydrogels are
chemically crosslinked and therefore superior to physically
crosslinked ones in terms of stability and mechanical
strength.* Unlike many chemical gelling reactions, enzyme-
catalyzed crosslinking occurs under mild conditions. In
addition, this approach allows for an independent tuning of
the gelation rate and mechanical strength of the resulting

gels.*"" These in situ-forming gels were widely used for cell
immobilization,’® drug delivery,”'>'*> tissue engineer-
ing,»®1%1371¢ and bone cement."”

In most of the previous approaches, phenol groups were
first conjugated onto a polymer, such as hyaluronic acid"®'""”
and dextran.” These groups were then coupled under the cata-
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lysis of HRP to form a 3D network. In this work, however, we
used catechol groups instead of phenol groups. Considering
their similar structures, it is expected that polymers with cate-
chol side groups can also be gelled by the HRP-catalyzed cross-
linking. In addition, the resulting hydrogels are expected to
exhibit an improved adhesion property, which is a valuable
property that can be exploited clinically.'® Previously, the extra-
ordinary ability of blue mussels to attach to virtually any type
of surface was attributed to the high level of 3,4-dihydroxy-1-
phenylalanine (DOPA) of the proteins found in their plaques.*’
Inspired by this finding, various adhesive biomaterials were
designed by the incorporation of DOPA and DOPA-mimetic
catechols into hydrogels.>* > Alginate is a linear polysacchar-
ide with homopolymeric blocks of (1,4)-linked B-p-mannuro-
nate and o-L-guluronate. Because of its biocompatibility, low
toxicity and a relatively low cost, it has been widely exploited in
biomedical applications.”> Here the catechol-functionalized
alginate was synthesized by conjugation with dopamine. We
demonstrate that, like the phenol-functionalized polymers, the
alginate-dopamine conjugate gels in situ in the presence of
HRP and H,0,. Compared to their phenol-functionalized ana-
logues, the bulk adhesion strength of the resulting hydrogels
improved significantly. Unlike ordinary hydrogels, cells can
attach onto the gel surface. These in situ-forming hydrogels
with improved adhesion properties may find many biomedical
applications including wound closure and healing, drug deliv-
ery, tissue engineering, and dental and bone applications.>*

Experimental section
Materials

Sodium alginate (Alg, low viscosity) was purchased from Alfa
Aesar. Dopamine hydrochloride (DA), tyramine hydrochloride
(TA), hydrogen peroxide (H,0,, 30 wt% aqueous solution),
horseradish peroxidase (HRP), 1-ethyl-3-(3-dimethylaminopro-
pyl)carbodiimide hydrochloride (EDC) and N-hydroxysulfosuc-
cinimide (NHS) were purchased from Heowns. Acridine orange
(AO), ethidium bromide (EB) and 3-(4,5-dimethyl-2-thiazolyl)-
2,5-diphenyl-2-H-tetrazoliumbromide (MTT) were purchased
from Tianjin Junyao Biological Company. All the chemicals
were of analytical grade and were used without further
purification.

Synthesis of alginate-dopamine (Alg-DA) and
alginate-tyramine (Alg-TA) conjugates

Alg-DA conjugates were synthesized by the modification of Alg
with DA under the catalysis of EDC/NHS (Scheme 1).>* Briefly
Alg (1.08 g, 5 mmol in terms of repeating unit) was dissolved
in 100 mL of distilled water. EDC and NHS (both 5 mmol)
were added and the solution was purged with nitrogen for
45 min, after which a predetermined amount of DA was
added. The reaction mixture was stirred overnight at room
temperature. During the reaction, pH of the mixture was main-
tained at 4.5-5.5 with 0.1 M Na,CO; or HCl. After being dia-
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Scheme 1 Synthesis of Alg—DA conjugates by coupling Alg with DA
under the catalysis of EDC and NHS.

Table 1 Synthesis of Alg—DA with different degrees of substitution (DS)

Feeding molar ratio

Entry no. Alg: EDC : NHS Alg: DA DS (%)
1 1:1:1 3:1 10
2 1:1:1 2:1 16
3 1:1:1 1:1 21

lyzed against deionized water for 3 days (cutoff: 3500 Da), the
products were lyophilized.

To determine the degree of substitution (DS) of the pro-
ducts, i.e., percentage of carboxylic acid groups in Alg coupled
with DA, Alg-DA solutions with known concentrations were
prepared. The absorbance at 280 nm was measured, from
which the amount of DA moieties was calculated with the help
of a calibration curve, which was plotted by measuring the
absorbance of a series of dopamine hydrochloride solution
with different concentrations at the same wavelength.>® DSs of
the products and their synthesis conditions are reported in
Table 1. Alg-TA conjugates were synthesized from Alg and TA
in the same way.

Enzymatic crosslinking of Alg-DA conjugates

As a typical example, Alg-DA solution was prepared by dissolv-
ing Alg-DA in pH 7.4, 0.01 M phosphate buffer. Predeter-
mined amounts of HRP and H,0, solutions were added and
mixed. The final concentration of Alg-DA, HRP and H,0, was
4.0 wt%, 23.04 U mL™", and 52.0 mM, respectively. The
mixture was incubated at 37 °C and gelled quickly (Scheme 2).

Rheological measurements

Rheological measurements were performed using an AR2000ex
rheometer (TA Instruments). Parallel plate geometry with a dia-
meter of 40 mm was used. The sample gap was set to be
1.0 mm. The temperature was controlled by a Peltier system in
the bottom plate connected with a water bath. For the kinetic
study, the pre-gel solution containing Alg-DA, HRP and H,0,
was quickly prepared and loaded. Silicon oil was placed
around the rim to prevent water evaporation. The change in
storage modulus (G') and loss modulus (G") during the gela-
tion process was monitored as a function of time. All the
experiments were performed within the linear viscoelastic
region.
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Scheme 2 Possible mechanism of the enzymatic crosslinking of Alg—
DA conjugates.*

Swelling ratio

The hydrogel samples were prepared by enzymatic crosslinking
at 37 °C for 2 h to ensure complete crosslinking. Dry gels were
obtained by lyophilization. To study the swelling kinetics, the
dry gels were immersed in pH 7.4, 0.01 M phosphate buffer at
37 °C. At predetermined time intervals, the swollen gels were
taken out. They were weighed after blotting with tissue paper
to remove the adhering water. Swelling ratio of the gels was
calculated using the following equation:

Swelling ratio = (W3 — Wy) /W,

where W, and W are the weights of the dry and swollen gel,
respectively. The equilibrium swelling ratio was determined
until no further weight change was detected.

Adhesion strength

Bulk adhesion property of the hydrogels was studied by lap
shear tests.”’ Commercial glass slides with a size 75 mm x
25 mm x 1 mm were used as adherends. The gel samples were
prepared in situ between the glass slides. For this purpose, the
pre-gel solutions were placed between the glass slides and
allowed to gel at 37 °C for 2 h. The overlapped area was 25 mm
x 25 mm x 1 mm. Tests were performed at room temperature
on a universal testing machine (Instron 5848) with a crosshead
of 1.3 mm min~" and a 100 N load cell. Adhesion strength was
calculated by dividing the maximum load (force) by overlap-
ping contact area. Each measurement was repeated at least
3 times.

2206 | Polym. Chem., 2015, 6, 2204-2213

View Article Online

Polymer Chemistry

Cell culture

To each well of 48-well cell culture plates, 200 pL of the pre-gel
solution ([polymer] = 4 wt%, [HRP] = 23.04 U mL™", [H,0,] =
52.0 mM) was added. After gelling at 37 °C for 4 h, the gels
were washed with PBS. NIH 3T3 cells were seeded at a density
of 5.0 x 10" cells per well. After culturing for 24 h, the cell via-
bility was measured using MTT assay. For this purpose, 100 pL
of MTT (5.0 mg mL~") was added into each well and the cells
were incubated for 4 h at 37 °C. After washing with PBS three
times, 10 mL of DMSO was added to dissolve the resulting
formazan crystals. OD values at 490 nm were then measured
using a microplate reader (Infinite F50, TECAN).

The appearance of the cells was examined using an
Olympus LX70-140 inverted fluorescence microscope. The cells
were stained with AO and EB before imaging. The excitation
wavelength used for AO was 450 + 20 nm.

Other characterization

UV-vis spectra were recorded on a Varian Caryl00 spectro-
photometer. NMR spectra were recorded on a Bruker spectro-
meter (AVANCE I1I).

Statistical analysis

All the experiments were repeated at least three times. A com-
parison of the means was performed by one-way analysis of
variance. Differences were considered significant if p < 0.05.

Results and discussion
Synthesis and characterization of Alg-DA conjugates

The Alg-DA conjugates were synthesized by coupling Alg with
DA under the catalysis of EDC and NHS, as shown in
Scheme 1.>**” To protect DA from oxidation and self-polymeri-
zation, the reaction mixture was purged with N, throughout
the reaction.>” Compared to the pristine Alg, the Alg-DA conju-
gate exhibits an absorption peak at ~280 nm in its UV-vis
absorption spectra, as shown in Fig. 1A, confirming the suc-
cessful introduction of DA moieties.*>*” The successful intro-
duction of DA moieties was also confirmed by the appearance
of peaks from 6.5 to 7.0 ppm in its "H NMR spectra (Fig. 1B).>*
By varying the feeding molar ratio of DA to Alg, a series of Alg-
DA conjugates with different degree of substitutions (DSs)
were synthesized***” (Table 1).

In situ gelation of Alg-DA via enzymatic crosslinking

Similar to polymers with phenol functionalities, Alg-DA conju-
gate, a polymer with catechol functionalities, can also be cross-
linked by horseradish peroxidase (HRP) and H,0,. As an
example, Fig. 2 shows the photograph of an Alg-DA solution
before and after the in situ gelation. In the absence of HRP
and H,0,, the solution remains in a liquid state and flows
when tilted. After a brief incubation with HRP and H,O,, the
solution gelled and could not flow upon tilting.

The mechanism for the enzymatic crosslinking of catechol-
modified polymers is expected to be similar to the enzymatic

This journal is © The Royal Society of Chemistry 2015
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Fig. 1 (A) UV-vis spectra of Alg, DA and Alg—DA conjugate. (B) *H NMR
spectra of DA, Alg and Alg—DA conjugate. Solvent: D,0O.
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ﬁ

Before gelation |
il |

Fig. 2 Photographs of an Alg—DA solution before and after gelation.
[Polymer] = 4.0 wt%. DS = 16%, [HRP] = 23.04 U mL™, [H,0,] =
52.0 mM.

crosslinking of phenol-modified polymers as shown in
Scheme 2.* First HRP is converted to compound I by reacting
with a H,0, molecule. Then it reacts with a catechol molecule
and is converted to compound II. As a result, a catechol radical
forms. By reacting with another catechol molecule to form a
second catechol radical, compound II is reduced back to its
native state. Therefore, in a complete catalytic cycle, one H,0,
molecule is consumed and two catechol radicals are produced.
The catechol radicals then couple with each other, either at the
C-C or C-O positions, and form crosslinks between the
polymer chains®*"'7*® (Scheme 2). Previously, crosslinking of
catechol-modified polymers has been accomplished by reac-
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Fig. 3 Evolution of the storage modulus G’ (W), loss modulus G” (00) and
phase angle 6 (A) of a 4.0 wt% Alg—DA solution (DS = 21%) with time in
the presence of HRP (23.04 U mL™Y) and H,0, (52.0 mM). T = 37 °C.

tions between the catechol moiety and metal ions such as Fe**
(ref. 22) and Mn**.***° They can also be crosslinked by the oxi-
dation of the catechol groups using oxidants (e.g., NalO,)
under basic conditions.>**'* Very recently Lee et al’
reported the hematin-catalyzed gelation of chitosan-catechol
conjugate in the presence of H,0,, probably via a similar
mechanism proposed above. Like the gel synthesized via
NalO, oxidation,* the gels synthesized here are also brown
coloured, which may have originated from the coupled cate-
chol structures.’

The in situ gelation of Alg-DA in the presence of HRP and
H,0, was also studied using small-deformation oscillatory
rheological measurements. Unless otherwise specified, all
measurements were performed at a frequency of 1 Hz and a
strain of 1% which is within the linear viscoelastic region.
Fig. 3 shows a typical result. At the beginning, the loss
modulus G” dominates the storage modulus G'. In addition,
the phase angle is ~90°. These results indicate that the system
is in a liquid state. As time elapses, both G’ and G” increase
gradually. Because G’ increases faster than G”, they crossover
at a reaction time of ~125 s. At this point, the phase angle is
45°. Beyond this point, G’ remains larger than G”, indicating
the formation of 3D networks in the system. G’ continues to
increase with time and eventually reaches a plateau at which
the phase angle is close to zero, indicating the formation of a
solid-like elastic material. Here, the point where G’ and G”
crossover is defined as the gel point.>*** The time required for
the system to reach the gel point is defined as the gelation
time (fye), which is used as a measure of the gelation
rate.”'%3%37 The plateau G’ is used to represent the mechan-
ical strength of the resulting gel.

To study the effect of H,O,, the gelation of Alg-DA in the
presence of various concentrations of H,0, was studied. The
polymer concentration remains constant at 4.0 wt%, while the
HRP concentration remains constant at 23.04 U mL™'. As
shown in Fig. 4A, for the solution of Alg-DA with a DS of 16%,
on increasing [H,O,] from 10.4 to 52.0 mM, its gelation time
decreases from ~597 s to ~140 s. It is expected that the HRP-
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Fig. 4 (A) Influence of H,O, concentration on the gelation time (solid
symbols) and plateau G' (open symbols). [HRP] = 23.04 U mL™
[Polymer] = 4 wt%. DS = 16% (m/0) or 21% (®/O). T = 37 °C. (B) Influence
of HRP concentration on the gelation time (solid symbols) and plateau
G’ (open symbols). [H,O,] = 52.0 mM. [Polymer] = 4 wt%. DS = 16%
(m/0) or 21% (®/0). T = 37 °C. (C) Influence of polymer concentration on
the gelation time (solid symbols) and plateau G’ (open symbols). [H,O,]
= 52.0 mM. [HRP] = 23.04 U mL™%. DS = 16% (m/0) or 21% (®/0). T =
37 °C. The lines are a guide to the eye.

catalyzed crosslinking reaction takes place at a faster rate with
increasing [H,0,]. Therefore the gelation rate of the system
increases with increasing [H,0,]. However, on further increas-
ing [H,0,], a gradual increase in gelation time was observed.
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A similar phenomenon was previously observed while studying
the HRP-catalyzed gelling of phenol-modified polymers, such
as dextran-tyramine conjugates.””® This phenomenon was
explained by the inactivation of HRP upon exposure to a high
concentration of H,0,.” Here, the reduced gelling rate in the
high H,0, concentration range may be explained similarly. For
Alg-DA with a DS of 21%, the gelation rate also first increases
with increasing [H,O,], reaches a maximum at [H,O,] =
52.0 mM, and then decreases with increasing [H,0,]. The
optimal H,0, concentration for the gelation of Alg-DA is
higher than that for phenol-functionalized polymers. Pre-
viously Kurisawa et al.'° reported that hyaluronic acid-TA gels
quickly in the presence of 2.4 mM H,0,. Jin et al.” reported
that, for the gelation of dextran-TA, a concentration of H,0,
from 7 to 70 mM is needed, depending on the DS and concen-
tration of the polymer. For the gelling of Alg-DA, it is likely
that the steric hindrance makes the catechol radicals more
difficult to couple with each other, therefore a higher H,0,
concentration is needed.

For the mechanical strength of the resulting hydrogels, an
opposite trend was observed. The behaviour of the two Alg-DA
conjugates is similar. For Alg-DA with a DS of 16%, on increas-
ing [H,0,] from 10.4 to 52.0 mM, the plateau G’ increases
from ~80 to ~3300 Pa. As mentioned above, in this [H,0,]
range, more catechol radicals will be produced at a higher
[H,0,], which will result in a higher crosslinking density and
therefore a higher strength of the gel. However, when further
increasing [H,O,] from 52.0 to 520.0 mM, the plateau
G' decreases gradually from ~3300 to ~800 Pa. The result
suggests that with the deactivation of HRP by excess H,O,, less
catechol radicals will form. Therefore, the resulting gel has a
lower crosslinking density and lower mechanical strength.
When studying the enzymatic crosslinking of hyaluronic acid-
tyramine and dextran-tyramine conjugates,”'" a similar
decline in the gel strength was reported when H,0, concen-
tration is higher than a critical concentration.

Fig. 4B shows the effect of HRP concentration on the gela-
tion of Alg-DA. A constant H,0, concentration of 52.0 mM was
chosen for this study because a faster gelation rate and a
higher gel strength were obtained at this concentration in the
above study (Fig. 4A). The polymer concentration used was still
4.0 wt%. Again the two Alg-DA conjugates behave similarly.
Their gelation rates increase with increasing [HRP]. For the
Alg-DA with a DS of 16%, when [HRP] increases from 3.84 to
38.42 U mL™', its gelation time decreases from ~280 s to
~190 s. Meanwhile, the strength of the resulting hydrogel
increases with increasing [HRP]. For the hydrogels from Alg-
DA with a DS of 16%, a plateau G' of ~1700 Pa was obtained
when catalyzed with 3.84 U mL~' HRP, while it increases to
~3100 Pa when catalyzed with 38.42 U mL ™" HRP. As shown in
Scheme 2, HRP acts as a catalyst in the reaction. A higher con-
centration of HRP should catalyze the reaction more effec-
tively, resulting in a faster gelation rate. Higher concentration
of catechol radicals will be produced at a higher [HRP]. There-
fore, the polymer chains will be crosslinked more effectively,
producing a hydrogel with a higher mechanical strength. It is

This journal is © The Royal Society of Chemistry 2015
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noteworthy that when crosslinking phenol-modified polymers,
such as dextran-tyramine conjugates, the gelation rate and gel
strength also increase with increasing HRP concentrations.”

The effect of polymer concentration was studied at a con-
stant [H,0,] of 52.0 mM and a constant [HRP] of 23.04 U mL™"
because the above studies show Alg-DA can be gelled effec-
tively under these conditions. As shown in Fig. 4C, the gelation
time decreases with increasing polymer concentration. For
Alg-DA with a DS of 16%, it takes ~680 s to gel a 1.6 wt% solu-
tion, while only ~140 s is required for a 4.0 wt% solution. The
decrease in gelation time may be attributed to the increased
possibility for the formation of crosslinks at a high polymer
concentration.’® Fig. 4C also shows that the mechanical
strength of the resulting hydrogels increases with increasing
polymer concentration. In this perspective, the behaviour of
the catechol-modified polymer is again similar to the phenol-
modified polymers.”

The degree of substitution of catechol groups in the poly-
mers should also influence their gelation. In the above
studies, polymers with two different DSs were used. Generally,
the polymer with a higher DS gels faster and produces a hydro-
gel with a higher mechanical strength (Fig. 4A-C). It is under-
standable that a higher DS means a higher concentration of
catechol groups. Therefore, the reaction rate increases with
increasing DS. Also for polymers with a higher DS, more cross-
links form, resulting in a hydrogel with a higher mechanical
strength.”

Swelling behaviour

Swelling in aqueous solutions maybe the most important pro-
perty for hydrogels. The swelling properties of the in situ
formed Alg-DA gels were studied by measuring the weight
change of the gels in phosphate buffer. The gels reach their
swelling equilibrium in about 10 h as shown in Fig. 5A. As for
the equilibrium swelling ratio, the gel with a higher DS usually
has a lower swelling degree than the gel with a lower DS,
because the former has a higher crosslinking density (Fig. 5B).
For the gels synthesized at the same [HRP] but different
[H,0,], the equilibrium swelling degree of the gel gelled at
[H,0,] = 52.0 mM is the lowest because its crosslinking density
is the highest (Fig. 5C). For the gels synthesized at the same
[H,0,] but different [HRP], the equilibrium swelling degree of
the gel decreases with increasing [HRP] (Fig. 5D). These
observations are generally in agreement with the results from
the kinetic studies.

Adhesion strength

A major objective of the study is to improve the bioadhesion
property of the injectable alginate hydrogels. For comparison,
Alg-TA hydrogels were also prepared via enzymatic cross-
linking of Alg-TA. We first tested if porcine skins can be
bonded with Alg-DA or Alg-TA hydrogels. When the skins
were bonded with the Alg-DA gel, they were bonded so firmly
that they could not be pulled apart by 300 g weight (Fig. 6). In
contrast, when they were bonded with the Alg-TA hydrogel,
they could not even support their own weight (data not
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gels as a function of [H,O,]. Other parameters: [polymer] = 4 wt%, DS =
21%, [HRP] = 23.04 U mL™%. (D) Equilibrium swelling ratios of Alg—DA
hydrogels as a function of [HRP]. Other parameters: [polymer] =
4.0 wt%, DS = 21%, [H,0,] = 52.0 mM. * indicates statistical significance
at the 0.05 level.
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Fig. 6 Photograph of two pieces of porcine skin bonded together with
an Alg—DA hydrogel showing that they are able to support 300 g weight.
Overlapped area: 25 mm x 25 mm X 1 mm.

shown). These results suggest that the Alg-DA hydrogels
exhibit much better bioadhesion property than the Alg-TA
hydrogel.

To compare their adhesion property quantitatively, the bulk
adhesion strength of the hydrogels was measured by lap shear
tests, the most widely used method for quantifying
adhesion.'®>****! For convenience, we used commercial glass
slides as adherends. The hydrogel samples were prepared
in situ by placing the pre-gel solutions between the glass slides
and allowing them to gel at 37 °C for 2 h.

Fig. 7A compares the adhesion strength of Alg-DA hydro-
gels to an Alg-TA hydrogel. The polymer content was 4.0 wt%
for all the hydrogels. They were all crosslinked in the presence
of 23.04 U mL™" HRP and 52 mM H,0,. The adhesion strength
of the Alg-TA hydrogel is only 0.38 kPa, indicating a weak
interaction between the gel and glass slides. For the Alg-DA
hydrogel with the same DS (10%), the adhesion strength is
3.5 kPa. The result indicates that replacing of the phenol
groups in the Alg-TA hydrogel with catechol groups signifi-
cantly increases the adhesion strength of the hydrogel by
about 10 folds. An improvement of adhesion properties by the
introduction of catechol functionalities have been widely
reported in the literature. Previously Ryu et al.>® have reported
that the adhesion force between chitosan/thiolated Pluronic
hydrogels and subcutaneous tissue layers increases by about
twofold when chitosan is functionalized with catechol groups.
Matos-Pérez and Wilker** reported that the adhesion strength
of polystyrene increases by 5 folds when 10% catechol was
introduced. In another example, Chung and Grubbs®' syn-
thesized terpolymers with a poly(acrylic acid) backbone. The
adhesion strength of the one containing a DOPA moiety is
190% over the one without a DOPA moiety. The mechanism
for the extraordinary adhesion of DOPA-containing proteins
and catechol-containing polymers has been studied in the
literature. It is believed that the oxidative crosslinking®® and
metal chelation®*** within the bulk result in strong cohesive
forces. These materials could also interact with a surface via
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Fig. 7 (A) Lap shear strength of Alg—TA hydrogels and Alg—DA hydro-
gels with various DSs. Other parameters for the hydrogels: [polymer] =
4.0 wt%, [HRP] = 23.04 U mL™%, [H,0,] = 52.0 mM. (B) Lap shear strength
of the Alg—DA hydrogel as a function of the polymer concentration.
Other parameters for the hydrogels: [HRP] = 23.04 U mL™, [H,O,] =
52.0 mM. (C) Lap shear strength of Alg—DA hydrogels crosslinked at
various concentrations of H,O,. Other parameters for the hydrogels:
[polymer] = 4.0 wt%, [HRP] = 23.04 U mL™%. (D) Lap shear strength of
Alg—DA hydrogels crosslinked at various concentrations of HRP. Other
parameters for the hydrogels: [polymer] = 4.0 wt%, [H,O,] = 52.0 mM.
The superscript letters and * indicate statistical significance at the 0.05
level. a and b: compared to the previous datum in the same group. a: DS
16% group, b: DS 21% group.
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hydrogen bonding, metal chelation, and radical-
surface coupling.>*** S. A. Mian et al.* recently calculated that
the binding energy between the catechol and silica surface
with adsorbed water molecules is 23 kcal mol™". The unique
bonding properties of catechol-containing polymers are a com-
bined result of these interactions. It is noteworthy that the
exact mechanism has not been precisely described.*>

Fig. 7A also shows that the adhesion strength of Alg-DA
hydrogels can be further improved by increasing the DA
content in the hydrogels. When DS of the polymer increases to
16% and 21%, the adhesion strength of the gel increases
further to be 5.6 and 7.2 kPa. Previously Wilker et al.** studied
the effect of catechol content on the properties of the mussel
mimetic polymers. For their model polymer with a polystyrene
backbone, they found that the adhesion strength of the
polymer increases with increasing catechol content up to
the point of ~33%. Further addition of catechol did not
enhance the adhesion. Interestingly, this value is close to the
DOPA content in the mussel foot proteins Mfp-3 (~25% DOPA)
and Mfp-5 (~30% DOPA). In light of these results, we
expect that the adhesion properties of Alg-DA hydrogel
may be further improved by introducing more catechol
moieties.

Fig. 7B shows the adhesion properties of Alg-DA hydrogel
as a function of polymer concentration. For both DS 21%
hydrogels and DS 16% hydrogels, their adhesion strength
increases with increasing polymer concentration. A hydrogel
with a higher polymer concentration can provide more cate-
chol moieties to interact with the adherend (glass slide in this
case), therefore it can stick to the adherend more firmly.
Generally at the same concentration, the adhesion strength of
a DS 21% hydrogel is higher than a DS 16% hydrogel, which is
in agreement with the observation shown in Fig. 7A.

Besides the catechol content and polymer concentration,
the gelling conditions also influence the adhesion properties
of the hydrogel. Fig. 7C shows the adhesion properties of
hydrogels gelled with 23.04 U mL ™" HRP and different concen-
trations of H,0,. For hydrogels gelled with 10.4 mM H,0,,
they adhere to the glass slides weakly. In contrast, hydrogels
gelled with 52.0 mM H,O, exhibit a strong adhesion property.
Further increasing [H,0,] deteriorates the adhesion properties
of the hydrogels. The different adhesion properties may origi-
nate from different network structures of the hydrogels. Pre-
vious studies show that crosslinking can often enhance the
adhesion properties of polymers.’’ It is expected that the
adhesion strength will increase with increasing crosslinking
density because a gel network with a higher crosslinking
density can provide stronger cohesive interactions to help
resist bond failure. It can also dissipate energy more effectively
when the gel is under strain.*® As revealed above, the hydrogels
gelled with 10.4 mM H,0, have a low crosslinking density,
while the ones gelled with 52 mM H,O, are effectively cross-
linked (Fig. 4A). Therefore, the former shows a weak adhesion
while the latter adheres firmly. On further increasing [H,0,),
the crosslinking density decreases again, so does the adhesion
strength (Fig. 4A). It is noteworthy that according to previous
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studies,*™*® too much crosslinking may reduce the wettability
of the polymer and thus decrease its adhesion.

The adhesion properties of hydrogels gelled with the same
concentration of H,0, but different concentrations of HRP are
shown in Fig. 7D. The adhesion of the hydrogels increases
with increasing HRP concentrations, because higher HRP con-
centration produces hydrogels with a higher crosslinking
density as indicated by their increasing mechanical strength as
shown in Fig. 4C.

Cell culture

To test the biocompatibility of the new hydrogels, they were
synthesized directly on the bottom of the wells of cell culture
plates. NIH 3T3 cells were then seeded and the viability of the
cells was assessed using the MTT assay. For a comparison,
bare cell culture plate surface (TCPS) was used as a control. As
shown in Fig. 8, the percentage viability of the cells cultured
on the hydrogel surface is more than 80%. In addition, the via-
bility of the cells cultured on Alg-DA hydrogels is comparable
to the cells cultured on Alg-TA hydrogels. These results indi-
cate that the Alg-DA hydrogels, similar to the Alg-TA hydro-
gels, are non-toxic to the cells. The result is not surprising
because it is well-known that alginate is highly bio-
compatible.”

To study the cell morphology, the cells were first double
stained with AO/EB. In this way, the live cells were stained
green and dead ones were stained red. As shown in Fig. 9,
most of the cells are alive, confirming again a high viability of
the cells grown on the gel surfaces. One can see that the cells
grown on Alg-DA gels exhibit a very different morphology com-
pared to the cells grown on Alg-TA gels. The cells on Alg-TA
gels are round in shape, indicating that the cells do not attach
the substratum. The Alg-TA gels are highly hydrophilic and
highly swollen, therefore the interaction of the cells with the
gel is weak. The weak interaction between the cells and the
substratum also results in the aggregation of the -cells,
especially on the gel with a DS = 21%. A similar cell behaviour
has been widely observed from other hydrogels.*! In con-
trast, many of the cells grown on Alg-DA gels present a spread,
irregular shape with protrusions. The result indicates that the
cells attach on the gel surface, just like the cells grown on bare

>
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Fig. 8 Percentage viability of cells seeded on hydrogel surfaces and
cultured for 24 h.
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Fig. 9 Fluorescence image of NIH 3T3 cells cultured on hydrogel sur-
faces for 24 h. The cells were double stained with AO/EB. Scale bar:
200 pm.

cell culture plates. The attachment and spreading of cells on
Alg-DA gels result in a larger cell spreading area (Table S1 in
ESIf). The cell area on the DS 21% Alg-DA surface was calcu-
lated to be 1160 + 238 pm?, while it is 549 + 81 pm? for cells on
Alg-TA with the same DS. The structure of Alg-DA gels is
similar to Alg-TA gels. Like the latter, the Alg-DA gels are
highly hydrophilic and highly swollen too. The very different
behaviour of the cells on the two kinds of hydrogels could only
be explained by the replacement of phenol groups with cate-
chol groups, which results in a significantly increased inter-
action between the cells and the gels. Fig. 9 also shows that
when DS of the Alg-DA gel increases from 10% to 21%, the
cells present a more prolonged morphology. This observation
may imply that the interaction between the cells and the gel
increases with increasing catechol content.

Conclusions

In conclusion, we show that polymers with catechol side
groups, similar to polymers with phenol side groups, can gel
in the presence of HRP and H,0,. As an example, the in situ
gelling of Alg-DA conjugates was studied in detail using rheo-
logical measurements. Various factors, including the concen-
tration of HRP, H,0,, and the polymer, and the degree of
substitution of the polymer, can influence the kinetics of the
enzyme-catalyzed crosslinking reaction, thereby influencing
the mechanical strength and swelling behaviour of the result-
ing hydrogels. Replacement of phenyl side groups with cate-
chol groups results in significantly improved adhesion
properties. For Alg-DA and Alg-TA hydrogels with the same DS
of 10%, the adhesion strength of the former is about 10-fold
more than the latter. While both the hydrogels are biocompati-
ble, cells seeded on the gel surface behave very differently.
They do not attach on Alg-TA gels, but attach on Alg-DA gels.
The in situ-forming hydrogels with unusual adhesion pro-
perties are expected to find use in important biomedical appli-
cations such as drug delivery and wound closure. A further
improvement of the gelling system is needed to reduce H,O,
concentration to avoid its cytotoxicity.
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