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ABSTRACT: A new three-component bio-inspired adhesive was synthesized
that is a terpolymer composed of a water-soluble segment, an interfacial
adhesion segment, and a cross-linking segment. Strong wet adhesion
properties are obtained utilizing a 3,4-dihydroxy-L-phenylalanine (DOPA)
moiety. Poly(acrylic acid) provides high water solubility due to strong ionic
interactions with water. An acrylic acid N-hydroxysuccinimide ester (NHS)
was included in the adhesive polymer to allow rapid cross-linking with thiol-
terminated, 3-armed poly(ethylene glycol) cross-linking agents. The thiol
terminal poly(ethylene glycol) was designed to be bulky to avoid possible
penetration of molecules to the cell and tissue. The NHS and thiol groups
react within 30 s to form covalent bonds. This design allows for rapid
optimization of properties for specific applications. Lap shear strength tests on
wet porcine skin demonstrated a 190% increased value in adhesion strength
for adhesives having the DOPA moiety. After cross-linking, adhesion was
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enhanced by 450% over poly(acrylic acid-co-acrylic acid NHS) and was 240% higher than un-cross-linked poly(acrylic acid-co-
acrylic acid NHS-co-N-methacryloyl-3,4-dihydroxyl-L-phenylalanine). Rheology studies show adhesive viscosity drops
significantly at high shear rates, demonstrating its potential to be injected via syringe. The cross-linked adhesive displayed
much stronger mechanical properties and higher elastic and viscous moduli than an un-cross-linked adhesive model.
Furthermore, the cross-linked adhesive has enhanced moduli near body temperature (38 °C) as compared to room temperature
(23 °C), increasing the applications as a biomedical adhesive.

B INTRODUCTION

Many medical polymer adhesives have been developed for a
variety of purposes, such as closing wounds in tissue, preventing
fluid leakage, and repairing damaged tissue.' > There are a few
examples of successful medical polymer adhesives including
cyanoacrylates (Indermil, Dermabond),"® glutaraldehyde-albu-
mine reaction-based adhesives (BioGlue),” succinimidyl-thiol
reaction-based adhesives (Coseal),'"®"! and fibrin-based adhe-
sives (Tisseel, Crosseal, CoStasis, and Cryoseal).lz’13 These
listed biomedical adhesives are commercially available and used
in surgical applications. However, even with these successful
results, various surgical conditions require new and better
polymeric adhesives. A major challenge for improved
biomedical adhesive is that the human body is composed of
60% of water and most of human body is wet except the outer
skin.'* Internal human organs are always wet with many types
of liquids such as blood and mucus. Therefore, (1) strong wet
adhesion capability is important for medical polymer adhesives.
In addition to strong wet adhesion, a biomedical adhesive must
be (2) nontoxic and without an immune response, (3) stable
under physiological conditions, (4) rapidly cross-linkable
without generation of heat, and (5) flexibility for use with
soft organs and membranes. Additionally, more applications are
possible if the adhesive can be delivered by syringe injection
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(6).'~* All six conditions should be satisfied in newly developed
biomedical adhesives.

Recently, in order to improve polymer adhesive and tissue
integration in wet condition, polymer adhesives using 3,4-
dihydroxy-L-phenylalanine (DOPA) were proposed. DOPA is a
specialized amino acid structure which is commonly found in
many marine organisms such as mussels and sandcastle
worms'* ™"
adhesion property of these organisms. Because of the strong

wet adhesion property of DOPA containing proteins, the

where it is an essential point of strong wet

DOPA functionality has been extensively studied to overcome
current adhesives problems, poor wet adhesion. In general,
water seriously inhibits the adhesion of synthetic adhesives for
several reasons. First, water can plasticize adhesives and
adherends. Second, adhesives, which are attached by physical
interactions such as van der Waals forces, can be displaced by
water when adherends have a high surface free energy. Finally,
water can cause chemical degradation of adhesives and
adherends.*
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Scheme 1. Synthesis of Adhesives, Poly(AA-co-AANHS-co-MDOPA); x = 15, y = 15, and z = 70
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Scheme 2. Synthesis of Cross-Linking Agent, Thiol PEG (n = 6—7)
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The DOPA moiety has been widely applied to develop better
materials and adhesives. For instance, Messersmith et al.
developed DOPA poly(ethylene glycol) (PEG) and DOPA-
protein bound antifouling materials.”' ~>* These new materials
protect various surfaces from foreign protein and micro-
organism adoption. In another example, the properties of
carbon-nanotube-based fibers were enhanced by DOPA-
functionalized polyethylenimine that strongly interconnect
single fiber strings to form a fiber bundle with enhanced
mechanical properties.”® Also, simple polydopamine coatings
are very useful in many surface modifications.”*™*° For
example, the dopamine coating makes addition of macroscopic
cells on non-bio-friendly surfaces possible.*****° DOPA-
containing materials can also coat the surface of small size
partlcles including nanoparticles® ~>* and even individual live
cells.*® Various types of synthetic/natural materials were
integrated with a DOPA moiety to expend their adhesion
applications; those materials includes PEG 34736 protein,®’ !
polysaccharide,””™** polycaprolactone,*® olysty‘rene,47 poly-
(meglslygl methacrylate),*” and poly(methoxylethyl acryl-
ate).”*”

Recently, it was reported that viscoelasticity tuning of a
DOPA containing pressure-sensitive adhesive polymer can
enhance the wet adhesion property by 185%.°' The
viscoelasticity of a DOPA containing polymer can be controlled
by cross-linking. The most common cross-linking process in
DOPA containing polymer is accomplished by reactions
between the catechol moiety and metals such as Fe**, Ca®,
Mg*, and Mn*.**7% pH variation of DOPA containing
materials also can trigger cross-linking between catechol groups
The cross-linking yields viscoelastic property changes.>>®
Oxidation of catechol groups using oxidants (e.g, NalO,)
also can generate cross-linking between polymer chains.*®~®!
Recently, the boronate—catechol complex is reported as a new
cross-linking method. 5862 1 jkewise, there have been various
approaches to accomplish effective cross-linking in DOPA
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containing materials. Among them, introduction of cross-
linking without sacrificing the DOPA moiety could be a new
method to conserve the expensive key functionality, DOPA, for
interfacial adhesion in adhesive materials.>!

In this paper, we describe a newly designed DOPA
containing terpolymer adhesives which were prepared by the
polymerization of three vinyl monomers: acrylic acid (AA),
acrylic acid N-hydroxysuccinimide ester (AANHS), and N-
methacryloyl-3,4-dihydroxyl-L-phenylalanine (MDOPA). The
adhesive uses rapid cross-linking reactions to form covalent
bonds between polymer chains not via catechol groups at
DOPA but via N-hydroxysuccinimide ester (NHS)—thiol
condensation. Synthesis of terpolymer adhesives and cross-
linker, thiol-terminated 3-armed poly(ethylene glycol) (thiol
PEG), is presented in this report and along with in-vitro
characterization to test adhesion and by rheology analysis.

B EXPERIMENTAL SECTION

Materials. All chemicals were purchased from Aldrich. Vinyl group
containing monomers were filtered through basic alumina-packed glass
columns to remove inhibitors. All other chemicals were used as
received. MDOPA® and AANHS®**"% were synthesized and
characterized as previously reported (Scheme S1). Porcine skins
were purchased from a local grocery store.

Synthesis of Adhesives. Poly(AA-co-AANHS-co-MDOPA) was
synthesized by azobis(isobutyronitrile) (AIBN)-initiated free radical
polymerization of three monomers including AA, AANHS, and
MDOPA as shown in Scheme 1. AA (2.624 g), AANHS (1.319 g),
MDOPA (2 g), and AIBN (256.3 mg) were mixed in DMF (53 mL).
The reaction mixture was degassed with dry argon gas bubbling for 15
min. The homogeneous reaction mixture was placed in a 70 °C oil
bath and stirred for 3 h. After the reaction, the solution was added
dropwise diethyl ether (800 mL). A white pulp-like solid precipitated
and was recovered by vacuum filtration. The recovered solid was dried
and dissolved in methanol (15 mL) and then precipitated once more
into diethyl ether (200 mL). The final product was dried under
vacuum overnight. The "H NMR spectrum of poly(AA-co-AANHS-co-
MDOPA) is shown in Figure S1.
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Scheme 3. Cross-Linking Scheme of Poly(AA-co-AANHS-co-MDOPA) and Thiol-Terminated 3-Armed Poly(ethylene glycol)
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“Adhesive and thiol PEG are covalently cross-linked by a rapid reaction between NHS and thiol group.

Synthesis of Cross-Linking Agents. Thiol PEG was synthesized
and characterized according to a previously described process.”’
Briefly, thiol PEG was prepared by two steps: the first step is synthesis
of mesylate terminated 3-armed PEG, and the second step is synthesis
of thiol PEG. To prepare mesylate-terminated 3-armed PEG, glycerol
ethoxylate (S g) and triethylamine (3 g) were dissolved in methylene
chloride (70 mL). In separate glassware, mesyl chloride (6.87 g) was
dissolved in methylene chloride (30 mL). The two separated solutions
were mixed slowly together while keeping the temperature at 0 °C in
an ice bath. White fumes were observed during the mixing process.
The reaction mixture was stirred for 3 h at 0 °C. After stirring, all
solvents were removed by a rotary evaporator. The resulting viscous
liquid was dissolved in water, and then NaHCO; was slowly added to
neutralize the remaining mesyl chloride. Saturated NaHCO; also can
be used instead of dry NaHCO; powder. The product was extracted
with chloroform (60 mL X 3) and then dried over MgSO,. The final
product, mesylate-terminated 3-armed PEG, was obtained after
removal of all chloroform by rotary evaporation.

Mesylate-terminated 3-armed PEG (7 g), diethylenetriaminepenta-
acetic acid (50 mg), and thiourea (3.2 g) were mixed in water (100
mL). The solution’s pH was adjusted to 6.7 with KOH aqueous
solution and refluxed for 2.5 h. After cooling the solution, 1.5 equiv of
NaHCOj; (2.65 g) was added to hydrolyze the isothiouronium salt.
The solution was refluxed again for 1.5 h and cooled, and then
aqueous sulfuric acid (1 M) was slowly added to the solution until the
solution was neutralized. The final product was extracted with
chloroform (S0 mL X 3) and then dried over MgSO,, and the
solvent was removed using a rotary evaporator. The light brown and
viscous final product was stored in the cold (—18 °C) and in the dark.
The overall reaction scheme is presented in Scheme 2, and the thiol
PEG’s 'H NMR spectrum is shown in Figure SI.

Adhesion Property Test (Lap Shear Strength Test). Adhesion
properties were determined by lap shear strength tests. Porcine skin
was selected due to its biological similarity to human dermis.®*”"°
Approximately 3 mm thick porcine skins were cut and trimmed into 5
cm X 2.5 cm size. The prepared porcine skin was used as an adherend
without further purification or modification in order to mimic real
clinical condition. Adhesives were preweighed (100 mg) and swollen
in a syringe (1 mL) with a water prior to use. Water was sprayed on
porcine skin, and then water-swollen adhesives were aligned on wet
porcine skin with three straight lines. Another porcine skin was
overlaid on the adhesive applied part and quickly rubbed several times.
The overlaid porcine skins with adhesives were compressed under 90 g
of weight for 10 min. For cross-linked adhesive test, a cross-linker (100
uL) was applied between the adhesive lines on porcine skin so as not
to mix adhesive and crossinker before the test. Exactly the same test
sample preparation procedure was used for Super Glue (the original
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Super Glue, Rancho Cucamonga, CA) adhesion property tests. The
porcine skin was thoroughly wet by water before addition of the
adhesive (Figure 2.) Shear strength was measured at room
temperature (23 °C) with an Instron testing machine (model E3000
and model 5569). Load was recorded as a function of displacement
with a cross-head speed of 1 cm/min. The maximum load (force) was
divided by the overlapping contact area of porcine skins to calculate
adhesion strength. Tests were performed at least five times for each
type of adhesive, and data points were averaged.

In order to test covalent bond formation between cross-linker and
adhesive, three different amounts of cross-linker—350, 100, and 200
mg—were mixed with 100 mg of adhesives. The water-swollen
adhesive was mixed with a designated amount of cross-linker and then
frozen in dry ice. The frozen mixture was lyophilized for 24 h to
remove water. The dry product was dissolved in DMSO-d, to quantify
the reacted functional groups. In the 'H NMR, peak integrations at 2.8
ppm were compared to calculate the consumed NHS group since the
signal at 2.8 ppm indicates a —CH,CH,— at AANHS segments in
terpolymer. The 'H NMR spectrum of adhesive and cross-linker
mixture is shown in Figure S1.

Viscoelastic Property Analysis. Viscoelastic properties were
characterized by a rheometer (TA Instruments, Model AR1000)
equipped with 25 mm diameter stainless steel parallel plate geometry.
Adhesive samples (200 mg) were swollen in water prior to testing.
Steady state shear viscosity was recorded as a function of shear rate
(s™") from 1000 to 0.1 s~ at 23 and 38 °C. For dynamic mechanical
analysis, frequency sweeps from 100 to 0.1 Hz were conducted to
measure elastic modulus (G’) and viscous modulus (G”) at 23 and 38
°C.

B RESULTS AND DISCUSSION

Synthesis of Poly(AA-co-AANHS-co-MDOPA) and
Thiol PEG. Poly(AA-co-AANHS-co-MDOPA) was synthesized
by a thermally initiated free radical polymerization of AA,
AANHS, and MDOPA as shown in Scheme 1. The prepared
polymer was characterized by '"H NMR to calculate ratios of
each repeating unit in the final poly(AA-co-AANHS-co-
MDOPA). 'H NMR and chemical structure assignments are
shown in Figure S1. After testing, samples which were prepared
with various ratios of three repeating units, a terpolymer which
has 70% of AA, 15% of AANHS, and 15% of MDOPA,
demonstrated the most suitable properties for use as an
adhesive. Therefore, this report focuses on an adhesive of this
composition. According to 'H NMR characterization, the final
composition reflects the initial feeds of monomers.

dx.doi.org/10.1021/ma3017986 | Macromolecules 2012, 45, 9666—9673
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Figure 1. Property changes of adhesives in water and after cross-linking. Dry adhesive power is swollen in water and became viscous liquid in 3 min.
The water-swollen adhesive liquid became a solid gel after cross-linking with thiol PEG.

. 90 gram weight

10 min under

Figure 2. Images of lap shear strength test setup. Adhesive (white lines on porcine skin) was applied on wet porcine skin (adherend) prior to

sandwiched and compressed under 90 g of weight for 10 min.

The polyAA functions as a water-soluble segment and is an
FDA-approved nontoxic food additive. The ionic interaction of
polyAA generates much stronger hydrophilicity than commonly
used PEG—water interactions.”'””> MDOPA functions as a
strong interfacial adhesive. As already mentioned in the
Introduction, there are many previous reports using a DOPA
moiety in a synthetic adhesive that has strong wet
adhesion."*™"" AANHS segment forms covalent bonds to
thiol groups at cross-linkers. The reaction is illustrated in
Scheme 3. In this cross-linking chemistry, NHS reacts very
rapidly with thiol groups and forms covalent bond at thio-ester
groups with release of N-hydroxysuccinimide.'”""

Cross-linking agent, thiol PEG, was functionalized with
glycerol ethoxylate which is a 3-armed poly(ethylene glycol).
Poly(ethylene glycol) is commonly used in biomaterials due to
its biocompatibility, hydrophilicity, and nontoxicity.”*”*> The
starting material, glycerol ethoxylate, has an average M, of 1000
g/mol, and the number of ethylene oxide repeating unit is 6—7
for each arm according to the manufacturer’s information
(Aldrich). The chemical structure was confirmed by "H NMR
characterization. The viscosity of the selected glycerol
ethoxylate was sufliciently low to allow effective mixing with
the adhesives. The molecular weight of glycerol ethoxylate (M,
~ 1000 g/mol) can prevent or retard the possible absorption of
surplus cross-linking agents in the cell/tissue after the reaction
is complete. The multiple armed poly(ethylene glycol)
architecture was selected to increase the reactivity for more
effective cross-linking with adhesives. Thiol terminal functional
groups were introduced in two steps as shown in Scheme 2.
First, hydroxyl groups were converted to mesyl groups via
substitution reactions with methanesulfonyl chloride. Second, a

thiol group was introduced to PEG arm terminals after reaction
of mesyl group and thiourea.”’

Adhesion Property Characterization of Un-Cross-
Linked and Cross-Linked Adhesives. The final state of
the prepared adhesive is a white powder as shown in the first
image of Figure 1. The dry powder is not an adhesive. But as
soon as the powder was mixed with water, the adhesive became
a very soft, viscous liquid as shown in the second image of
Figure 1. The adhesive absorbed 2.5 times of its weight of water
and did not dissolve in water homogeneously even after a long
exposure time. Hydrogen bonding between the amide
functionality at MDOPA and interaction between highly
charged side chains contribute to strong aggregations and
chain entanglement to limit solubility in water.

The water-swollen adhesive was mechanically mixed with
thiol PEG to yield a cross-linked solid. The cross-linked
adhesive was a flexible solid material as shown in the rightmost
images of Figure 1. The mixture of adhesive and cross-linker
was analyzed by '"H NMR as shown in Figure S1. The 2.8 ppm
signal from the —CH,CH,— groups in the AANHS segments in
the adhesive showed a significant decrease of integration
compared to unreacted terpolymers. The NMR clearly
demonstrates that a large amount of NHS was consumed
after reaction with thiol groups of the cross-linker.

The adhesive utilize the DOPA moieties for interfacial
adhesion not for cross-linking. Recently, slow Michael addition
between thiol group and a catechol group was reported by Lee

et al.**7¢ Unlike Lee et al’s report, the presented cross-linking
system occurred very rapidly within 30 s. In contrast to
previously reported DOPA-thiol Michael addition which took
at least 6 h at 37 °C until the completion of the reactions, the
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final rheological property results also support that there is no
significant DOPA-thiol Michael reaction occurred during the
testing time. According to the steady state shear viscosity test
and dynamic mechanical analysis results (Figures 4 and 5), the
cross-linked adhesives did not show significant viscosity change
or moduli change during the test. More detailed rheological
analysis will be discussed in the later part of this report.

Adhesion properties were evaluated by using lap shear
strength test with an Instron (Model E3000 and model 5569).
Porcine skin was used as an adherend to test the prepared
adhesive’s possible biomedical applications. Porcine skin is
commonly used for various biomedical experiments due to its
biological similarity to human dermis.®*~"® The porcine skin
substrate was wet with purified deionized water (DI water)
prior to adhesive application in order to test the wet adhesion
property of adhesives. A typical adhesion test set up is
demonstrated in Figure 2. The white lines on the porcine skin
are adhesives in the left image of Figure 2. For the cross-linked
adhesive test, adhesive and cross-linkers were aligned parallel
and then the porcine skins were overlaid. The overlaid porcine
skin was quickly rubbed several times prior to weight
compression. All overlaid substrates were compressed by 90 g
of weight for 10 min, which is a much shorter time than other
previous DOPA containing biomedical adhesive re-
searches 4657597779

To confirmed the enhanced adhesion property with DOPA
moiety in an adhesive chemical structure, poly(AA-co-AANHS)
was prepared and tested. Poly(AA-co-AANHS) was synthesized
by exactly the same method as poly(AA-co-AANHS-co-
MDOPA), except for the MDOPA monomer. As shown in
Figure 3, poly(AA-co-AANHS) demonstrated very low

20
18
16 4

14

PAA+NHS

DOPA+PAA+NHS

Xlinked Super glue

Figure 3. Adhesion properties of prepared adhesives and Super Glue.
Lap shear strength of adhesives was obtained by dividing recorded
maximum load (force) by overlapped porcine surface area. PAA +
NHS: poly(AA-co-AANHS); DOPA + PAA + NHS: poly(AA-co-
AANHS-co-MDOPA); X-linked: mixture of poly(AA-co-AANHS-co-
MDOPA) and thiol PEG.

adhesion strength, 2.5 kPa on average. The terpolymer
containing DOPA moiety, poly(AA-co-AANHS-co-MDOPA),
presents much higher adhesion strength of 4.8 kPa, which is
190% over the value of adhesive without a DOPA moiety,
poly(AA-co-AANHS). Cleary et al. reported a pH effect on
polyAA’s mucoadhesion property.®® In his report, polyAA
shows the highest adhesion at pH S. As the pH was increased
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(pH 7 or higher), the adhesion property of the polyAA
significantly deteriorated. Note that all adhesion tests were
done in neutral DI water, which has a pH of 7. Considering
Cleary et al’s report, the main driving force of the enhanced
adhesion property of poly(AA-co-AANHS-co-MDOPA) is the
DOPA moiety in the polymer. The highest adhesion strength
was obtained from a cross-linked adhesive mixture of poly(AA-
co-AANHS-co-MDOPA) and thiol PEG. In Figure 3, this
mixture of adhesive, poly(AA-co-AANHS-co-MDOPA), and
cross-linker, thiol PEG, is demonstrated to be X-linked. The
cross-linked adhesive showed a 450% increased adhesion
strength compared to poly(AA-co-AANHS) under the given
test conditions (cross-head speed of 10 mm/min). This
adhesion strength was similar to commercially available Super
Glue (cyanoacrylate). The standard deviation of Super Glue
adhesion tests result was very large; in other words, Super
Glue’s adhesion property is undependable in wet condition on
porcine skins. The force—displacement curve clearly shows
differences of adhesive failure process before and after cross-
linking (Figure S2) in terms of maximum force and failure
pattern. Un-cross-linked adhesive shows a gradual decrease of
load after it reaches the maximum strength and forms
numerous adhesive fibers between adherends. Cross-linked
adhesive demonstrates much higher maximum strength and
sudden failure of adhesion without forming fibers between
adherends. This phenomenon demonstrates that covalent
cross-links were formed between adhesive polymer chains,
and accordingly the cross-linking enhances the maximum
adhesion strength by increasing cohesive strength in adhesive
structures.

Viscoelastic Properties of Un-Cross-Linked and Cross-
Linked Adhesives. Steady-state shear viscosity tests and
dynamic mechanical analysis were carried out to characterize
the viscoelastic properties of un-cross-linked (poly(AA-co-
AANHS-co-MDOPA)) and cross-linked (mixture of poly(AA-
c0-AANHS-co-MDOPA) and the thiol PEG) adhesives. The
viscoelastic properties were examined at room temperature (23
°C) and human body temperature (38 °C) to determine if the
polymer could be a biomedical adhesive. Figure 4 shows steady-
state shear viscosity as a function of shear rate (s7').
Interestingly, un-cross-linked adhesive revealed a significant
drop of viscosity near 100 s~ (Figure 4a). This is a typical
behavior of a shear thinning polymer because the entanglement
density of polymer chains decreases with increasing shear
rate.®®* This character is useful in biomedical adhesives which
are delivered by syringe-needle injection due to significant
increase of shear rate the adhesive polymers experience when it
enters the narrow needle from a relatively large syringe body.
The shear thinning effect could help easy injection of the
adhesive material without severe back-pressure. A similar
phenomenon was observed previously by Kaur et al.”® At 38
°C in Figure 4a, un-cross-linked adhesive showed a sudden
drop of viscosity at lower shear rate. At both 23 and 38 °C, un-
cross-linked adhesive showed very stable viscosity before a
shear rate of 100 s™'. The cross-linked adhesive showed much
higher viscosity over a range between 0.1 and 100 s~ than the
un-cross-linked adhesive at both 23 and 38 °C (Figure 4b).
This viscosity result from the cross-linked adhesive test in
Figure 4b shows that once the adhesive is fixed to the area of
interest, it demonstrates stable and strong viscoelastic proper-
ties.

Both elastic and viscous moduli, G’ and G”, are shown in
log—log scale as a function of frequency (hertz) in Figure S. All

dx.doi.org/10.1021/ma3017986 | Macromolecules 2012, 45, 9666—9673
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Figure 4. Viscosity measurement of (a) un-cross-linked, poly(AA-co-
AANHS-co-MDOPA), and (b) cross-linked adhesives, mixture of
poly(AA-co-AANHS-co-MDOPA) and the thiol PEG, as a function of
shear rate at room temperature (23 °C) and human body temperature
(38 °C); viscosity of un-cross-linked adhesives drops at high shear rate
near 100 s' at both 23 and 38 °C. Cross-linked adhesives
demonstrate stable viscosity over a wide range of shear rate with
higher viscosity than un-cross-linked adhesive.

cross-linked adhesives demonstrated a much higher moduli
than un-cross-linked adhesives as shown in Figure Sa,b. Also,
the elastic and viscous moduli of cross-linked adhesives were
closer than un-cross-linked adhesives over all tested frequency
range (Figure Sa,b). These results suggest that the un-cross-
linked adhesive is more similar to a viscoelastic liquid, while
cross-linked adhesive is closer to a viscoelastic solid.** No
significant gel point was observed in both Figure Sab due to
the adhesives’ strong viscoelastic liquid behavior in all the tests.
In other words, the cross-linked adhesive is not an absolute
solid from a rheological point of view, but the cross-linked
adhesive is closer to a solid than a liquid.** The shown rheology
data are consistent with visual observation of the cross-linked
adhesive material. While temperature effects on the cross-linked
adhesives were not significant, un-cross-linked adhesives
demonstrated a strong temperature effect on its viscoelastic
behavior as shown in Figure Sc. At 38 °C, much lower moduli
was observed for un-cross-linked adhesive, and moduli
responded more significantly with changes of frequency.
Overall, the prepared adhesive strengthens by cross-linking,
and the cross-linked adhesive presents high stability under
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Figure S. Elastic modulus (G’) and viscous modulus (G”) as a
function of frequency (hertz) for cross-linked and un-cross-linked
adhesive. (a) 23 °C and (b) 38 °C (c) moduli of un-cross-linked
adhesives for both 23 and 38 °C. The measurements were performed
with constant strain of 5%.

various temperatures while showing viscoelastic solid charac-
ters.

B CONCLUSION

A novel designed bio-inspired adhesive composed of three
monomers with different functions is described. 70 mol % of
the total adhesive was polyAA which has the role of providing
good water solubility by utilizing the strong ionic interaction
between polyAA and water. 15 mol % each of MDOPA and
AANHS was used to enhance wet interfacial adhesion and to
provide a cross-linking. The cross-linking agent is a three-armed
PEG with thiol end groups. The synthesized adhesive was water
swellable and cross-linked rapidly and effectively. Adhesion
property measurements, based on lap shear strength tests on a
wet porcine skin, revealed that the cross-linked poly(AA-co-
AANHS-co-MDOPA) demonstrated a 450% higher adhesion
strength than un-cross-linked poly(AA-co-AANHS). The
adhesive can be delivered by syringe and needle consistent
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with steady-state shear viscosity measurement. Also, dynamic
mechanical analysis demonstrated that the cross-linked
adhesive is a stable and strong material at human body
temperature, 38 °C. This adhesive/cross-linker has the
potential to be applied as a clinically useful biomedical adhesive.

B ASSOCIATED CONTENT

© Supporting Information
Scheme S1 and Figures S1 and S2. This material is available free
of charge via the Internet at http://pubs.acs.org.

B AUTHOR INFORMATION

Corresponding Author
*E-mail: rhg@caltech.edu.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was supported by the provost office at the California
Institute of Technology as part of the UCSF/Caltech
consortium. We thank Prof. Chiara Daraio, Prof. Pellegrino,
and Prof. Julia A. Kornfield for allowing us to use the Instron
and rheometer. The authors thank Dr. Michael R. Harrison, Dr.
Payam Saadai, and Dillon Kwiat for helpful discussions in
designing the adhesives and cross-linkers.

B REFERENCES

(1) Lipatova, T. E. Adv. Polym. Sci. 1986, 79, 65—93.

(2) Spotnitz, W. D.; Burks, S. Clin. Appl. Thromb./Hemostasis 2010,
16, 497—514.

(3) Spotnitz, W. D.; Burks, S. Transfusion 2008, 48, 1502—1516.

(4) Strausberg, R. L.; Link, R. P. Trends Biotechnol. 1990, 8, 53—57.

(5) Moroni, L.; Elisseeff, J. H. Mater. Today 2008, 11, 44—S51.

(6) Singer, A. J.; Thode, H. C. Am. J. Surg. 2004, 187, 238—248.

(7) Zehr, K. J. Ann. Thorac. Surg. 2007, 84, 1048—1052.

(8) Potaris, K,; Mihos, P.; Gakidis, I. Heart Surg. Forum 2003, 6,
429—433.

(9) Herget, G. W,; Kassa, M.; Riede, U. N.; Lu, Y.; Brethner, L,
Hasse, J. Eur. J. Cardio-Thorac. 2001, 19, 4—9.

(10) Wallace, D. G.; Cruise, G. M.; Rhee, W. M,; Schroeder, J. A;;
Prior, J. J; Ju, J.; Maroney, M.; Duronio, J.; Ngo, M. H.; Estridge, T.;
Coker, G. C. J. Biomed. Mater. Res. 2001, 58, 545—55S5.

(11) Hill, A; Estridge, T. D.; Maroney, M.; Monnet, E.; Egbert, B.;
Cruise, G.; Coker, G. T. J. Biomed. Mater. Res. 2001, 58, 308—312.

(12) Spotnitz, W. D.; Burks, S. G; Prabhu, R. In Tissue Adhesives in
Clinical Medicine, 2nd ed.; Quinn, J. V., Ed;; BC Decker, Inc.: New
York, 2005; pp 77—112.

(13) Richards, P. J.; Turner, A. S.; Gisler, S. M.; Kraft, S.; Nuss, K;;
Mark, S.; Seim, H. B.; Schense, J. J. Biomed. Mater. Res.,, Part B 2010,
92B, 439—446.

(14) Guyton, A. C. Textbook of Medical Physiology, 10th ed.; W.B.
Saunders: Philadelphia, 2000.

(15) Lee, B. P.; Messersmith, P. B.; Israelachvili, J. N.; Waite, J. H.
Annu. Rev. Mater. Res. 2011, 41, 99—132.

(16) Stewart, R. J. Appl. Microbiol. Biotechnol. 2011, 89, 27—33.

(17) Wilker, J. J. Curr. Opin. Chem. Biol. 2010, 14, 276—283.

(18) Silverman, H. G.; Roberto, F. F. Mar. Biotechnol. 2007, 9, 661—
681.

(19) Stewart, R. J.; Ransom, T. C.; Hlady, V. J. Polym. Sci, Polym.
Phys. 2011, 49, 757—771.

(20) Bowditch, M. R. Int. J. Adhes. Adhes. 1996, 16, 73—79.

(21) Messersmith, P. B.; Dalsin, J. L.; Hu, B. H.; Lee, B. P. . Am.
Chem. Soc. 2003, 125, 4253—4258.

(22) Dalsin, J. L; Lin, L; Tosatti S.; Vords, J.; Textor, M,;
Messersmith, P. B. Langmuir 2008, 21, 640—646.

9672

(23) Messersmith, P. B.; Statz, A.; Finlay, J.; Dalsin, J.; Callow, M.;
Callow, J. A. Biofouling 2006, 22, 391—399.

(24) Surface Modification for Protein Resistance Using a Biomimetic
Approach; Dalsin, J. L., Messersmith, P. B., Eds.; Symposium Series
Vol. 774; Materials Research Society: Warrendale, PA, 2003.

(25) Ryu, S.; Lee, Y.; Hwang, J.-W.; Hong, S.; Kim, C,; Park, T. G,;
Lee, H.; Hong, S. H. Adv. Mater. 2011, 23, 1971—-1975.

(26) Messersmith, P. B.; Lee, H.; Dellatore, S. M.; Miller, W. M.
Science 2007, 318, 426—430.

(27) Lee, H; Rho, J.; Messersmith, P. B. Adv. Mater. 2009, 21, 431—
434.

(28) Yang, S. H; Kang, S. M,; Lee, K-B; Chung, T. D.; Lee, H;
Choi, L. S. J. Am. Chem. Soc. 2011, 133, 2795—2797.

(29) Ku, S. H; Lee, J. S.; Park, C. B. Langmuir 2010, 26, 15104—
15108.

(30) Ku, S. H; Ryu, J.; Hong, S. K; Lee, H.; Park, C. B. Biomaterials
2010, 31, 2535—2541.

(31) Zhou, W.-H,; Ly, C.-H.; Guo, X.-C.; Chen, F.-R; Yang, H-H,;
Wang, X.-R. J. Mater. Chem. 2010, 20, 880—883.

(32) Long, Y.; Wu, J.; Wang, H.; Zhang, X.; Zhao, N.; Xu, J. J. Mater.
Chem. 2011, 21, 4875—4881.

(33) Kim, S.; Ko, J. W.; Park, C. B. J. Mater. Chem. 2011, 21, 11070—
11073.

(34) Lee, B. P.; Chao, C. Y.; Nunalee, F. N.; Motan, E.; Shull, K. R;;
Messersmith, P. B. Macromolecules 2006, 39, 1740—1748.

(35) Shull, K. R; Guvendiren, M.; Messersmith, P. B. Biomacromo-
lecules 2008, 9, 122—128.

(36) Catron, N. D.; Lee, H.; Messersmith, P. B. Biointerphases 2006,
1, 134—141.

(37) Tatehata, H.; Mochizuki, A.; Kawashima, T.; Yamashita, S.;
Yamamoto, H. J. Appl. Polym. Sci. 2000, 76, 929—937.

(38) Yamamoto, H.; Tatehata, H.; Mochizuki, A.; Ohkawa, K;
Yamada, M. J. Adhes. Sci. Technol. 2001, 15, 1003—1013.

(39) Anderson, T. H,; Yu, J,; Estrada, A.; Hammer, M. U.; Waite, J.
H.; Israelachvili, J. N. Adv. Funct. Mater. 2010, 20, 4196—4205.

(40) Yamamoto, H.; Sakai, Y.; Ohkawa, K. Biomacromolecules 2000,
1, 543—-5S51.

(41) Deming, T. J.; Yu, M. E. Macromolecules 1998, 31, 4739—4745.

(42) Yamada, K; Aoki, T.; Ikeda, N.; Hirata, M. J. Appl. Polym. Sci.
2007, 104, 1818—1827.

(43) Lee, Y.; Chung, H. J.; Yeo, S.; Ahn, C.-H.; Lee, H.; Messersmith,
P. B,; Park, T. G. Soft Matter 2010, 6, 977—983.

(44) You, L; Kang, S. M.; Byun, Y.; Lee, H. Bioconjugate Chem. 2011,
22, 1264—1269.

(4S) Payne, G. F.; Yamada, K; Chen, T. H.; Kumar, G.; Vesnovsky,
O.; Topoleski, L. D. T. Biomacromolecules 2000, I, 252—258.

(46) Murphy, J. L; Vollenweider, L.; Xu, F.; Lee, B. P.
Biomacromolecules 2010, 11, 2976—2984.

(47) Guvendiren, M.; Brass, D. A.; Messersmith, P. B.; Shull, K. R. J.
Adhes. 2009, 85, 631—645.

(48) Lee, H.; Lee, B. P.; Messersmith, P. B. Nature 2007, 448, 338—
341.

(49) Glass, P.; Chung, H. Y,; Washburn, N. R; Sitti, M. Langmuir
2009, 25, 6607—6612.

(50) Glass, P.; Chung, H. Y.; Washburn, N. R;; Sitti, M. Langmuir
2010, 26, 17357—17362.

(51) Chung, H. Y.; Glass, P.; Pothen, J. M,; Sitti, M.; Washburn, N.
R. Biomacromolecules 2011, 12, 342—347.

(52) Wilker, J. J; Monahan, J. Langmuir 2004, 20, 3724—3729.

(53) Wilker, J. J.; Sever, M. J.; Weisser, J. T.; Monahan, J.; Srinivasan,
S. Angew. Chem., Int. Ed. 2004, 43, 448—450.

(54) Wilker, J. J.; Lauren, M. H. J. Mater. Sci. 2007, 42, 8934—8942.

(55) Zeng, H.; Hwang, D. S.; Israelachvili, J. N.; Waite, J. H. Proc.
Natl. Acad. Sci. U. S. A. 2010, 107, 12850—12853.

(56) Holten-Andersen, N.; Harrington, M. J.; Birkedal, H.; Lee, B. P.;
Messersmith, P. B.; Lee, K. Y. C.; Waite, J. H. Proc. Natl. Acad. Sci. U.
S. A. 2011, 108, 2651—2655.

(57) Shao, H.; Stewart, R. J. Adv. Mater. 2010, 22, 729—733.

dx.doi.org/10.1021/ma3017986 | Macromolecules 2012, 45, 9666—9673


http://pubs.acs.org
mailto:rhg@caltech.edu

Macromolecules

(58) He, L. H.; Fullenkamp, D. E.; Rivera, J. G.; Messersmith, P. B.
Chem. Commun. 2011, 47, 7497—7499.

(59) Shao, H.; Weerasekare, G. M.; Stewart, R. J. ]. Biomed. Mater.
Res, A 2011, 97A, 46-51.

(60) Brubaker, C. E.; Kissler, H; Wang, L.-J; Kaufman, D. B;
Messersmith, P. B. Biomaterials 2010, 31, 420—427.

(61) Messersmith, P. B.; Lee, B. P.; Dalsin, J. L. Biomacromolecules
2002, 3, 1038—1047.

(62) Su, J; Chen, F,; Cryns, V. L.; Messersmith, P. B. . Am. Chem.
Soc. 2011, 133, 11850—11853.

(63) Lee, B. P.; Huang, K.; Nunalee, F. N; Shull, K. R.; Messersmith,
P. B. J. Biomater. Sci, Polym Ed. 2004, 15, 449—464.

(64) Handké, N.; Trimaille, T.; Luciani, E.; Rollet, M.; Delair, T.;
Verrier, B.; Bertin, D.; Gigmes, D. J. Polym. Sci, Part A: Polym. Chem.
2011, 49, 1341—1350.

(65) Marsden, D. M,; Nicholson, R. L,; Ladlow, M.; Spring, D. R.
Chem. Commun. 2009, 7107—7109

(66) Wang, Z.-C.; Xu, X.-D.; Chen, C.-S.; Yun, L.; Song, J.-C.; Zhang,
X.-Z.; Zhuo, R.-X. ACS Appl. Mater. Interfaces 2010, 2, 1009—1018.

(67) Robinson, C.; Hartman, R. F.; Rose, S. D. Bioorg. Chem. 2008,
36, 265—270.

(68) Godin, B.; Touitou, E. Adv. Drug Delivery Rev. 2007, 59, 1152—
1161.

(69) Kong, R.; Bhargava, R. Analyst 2011, 136, 2359—2366.

(70) Barbero, A. M.; Frasch, H. F. Toxicol. In Vitro 2009, 23, 1—13.

(71) Keefe, A. J.; Jiang, S. Nat. Chem. 2012, 4, 59—63.

(72) Kane, R. S.; Deschatelets, P.; Whitesides, G. M. Langmuir 2003,
19, 2388—2391.

(73) Cacace, M. G.; Lndau, E. M.; Ramsden, J. J. Q. Rev. Biophys.
1997, 30, 241-277.

(74) Harris, J. M.; Chess, R. B. Nat. Rev. Drug Discovery 2003, 2,
214-221.

(75) Knop, K.; Hoogenboom, R.; Fischer, D.; Schubert, U. S. Angew.
Chem., Int. Ed. 2010, 49, 6288—6308.

(76) Ryu, J. H.; Lee, Y.; Kong, W. H,; Kim, T. G.; Park, T. G.; Lee, H.
Biomacromolecules 2011, 12, 2653—2659.

(77) Brubaker, C. E.; Messersmith, P. B. Biomacromolecules 2011, 12,
4326—4334

(78) Stroshine, R. L.; Ninan, L.; Monahan, J.; Wilker, J. J.; Shi, R. Y.
Biomaterials 2003, 24, 4091—4099

(79) Kaur, S.; Weerasekare, G. M.; Stewart, R. J. ACS Appl. Mater.
Interfaces 2011, 3, 941—944.

(80) Magner, E.; Cleary, J.; Bromberg, L. Langmuir 2004, 20, 9755—
9762.

(81) Cowie, J. M. G.; Arrighi, V. In Polymers: Chemistry and Physics of
Modern Materials, 3rd ed.; CRC Press: Boca Raton, FL, 2008; pp 349—
352.

(82) Fried, J. R. Polymer Science and Technology; Prentice Hall PTR:
Englewood Cliffs, NJ, 1995.

(83) Muller, R; Gerard, E.,; Dugand, P.; Rempp, P.; Gnanou, Y.
Macromolecules 1991, 24, 1321—1326.

(84) Winter, H. H. Polym. Eng. Sci. 1987, 27, 1698—1702.

9673

dx.doi.org/10.1021/ma3017986 | Macromolecules 2012, 45, 9666—9673



