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Abstract
Surgical repair of a discontinuity in traumatized or degenerated soft tissues is traditionally
accomplished using sutures. A current trend is to reinforce this primary repair with surgical grafts,
meshes, or patches secured with perforating mechanical devices (i.e., sutures, staples, or tacks).
These fixation methods frequently lead to chronic pain and mesh detachment. We developed a
series of biodegradable adhesive polymers that are synthetic mimics of mussel adhesive proteins
(MAPs), composed of 3,4-dihydroxyphenylalanine (DOPA)-derivatives, polyethylene glycol
(PEG), and polycaprolactone (PCL). These polymers can be cast into films, and their mechanical
properties, extent of swelling, and degradation rate can be tailored through the composition of the
polymers as well as blending with additives. When coated onto a biologic mesh used for hernia
repair, these adhesive constructs demonstrated adhesive strengths significantly higher than fibrin
glue. With further development, a pre-coated bioadhesive mesh may represent a new surgical
option for soft tissue repair.
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1 Introduction
Surgical repair and reconstruction of traumatized or degenerated soft tissues occurs
frequently in medicine. While the discontinuity in the soft tissue is traditionally closed with
sutures, the use of surgical meshes or patches to reinforce suture closure is becoming
popular in various surgical procedures such as hernia repair,1–3 tendon repair,4, 5

cardiovascular surgery,6 and dural repair.7 Fixation of these prosthetic materials is typically
achieved through the use of sutures, staples, or tacks. While such perforating fixation
devices have demonstrated success in immobilizing surgical meshes, they are also a source
of complications. For example, in hernia repair, mechanical fixation methods may be the
source of neural irritation and persistent pain. 8–11 In tendon reconstruction, on the other
hand, surgical repairs often fail as sutures pull out through the tendinous tissue with loading.
12, 13

In order to reduce these complications, several investigators have used fibrin sealant for
mesh fixation.14–17 While some level of success has been demonstrated, it has also been
shown that the weak adhesive strength of fibrin sealants could not adequately prevent mesh
migration and detachment in a number of applications.14, 15 In addition, using a fibrin
sealant requires mixing its constituents before application, which complicates intraoperative
workflow and lengthens the time of surgery. While others have used stronger tissue
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adhesives such as cyanoacrylate18 and gelatin-resorcinol-formaldehyde (GRF),19 these
adhesives have safety concerns20–22 and can dramatically alter the biomechanical properties
of the reinforced tissues.18

To improve the efficacy of mesh use for soft tissue reconstruction, we coated water-
resistant, synthetic adhesives inspired by marine mussels onto biologic meshes to create a
bioadhesive construct which can potentially eliminate complications associated with
perforation-based fixation devices. The adhesive polymers described herein are synthetic
mimics of mussel adhesive proteins (MAPs) that enable mussels to anchor to a variety of
surfaces in wet, saline, turbulent environments.23, 24 One unique structural feature of MAPs
is the presence of 3,4-dihydroxyphenylalanine (DOPA),23 a catecholic amino acid arising
from post-translational modification of tyrosine in the presence of enzymes such as
tyrosinase.25 DOPA is believed to fulfill a dual role as a surface adhesion promoter and a
crosslinking precursor.26–28 When DOPA and its derivatives are chemically coupled to
synthetic polymers, these synthetic mimics demonstrate strong moisture-resistant adhesive
properties to various substrates, including titanium,29, 30 mucin,31, 32 soft tissue,33, 34 and
bone.35

In this paper, we describe the synthesis of a new series of adhesive polymers composed of
DOPA derivatives chemically modified onto biodegradable and biocompatible multiblock
copolymers consisting of poly(ethylene glycol) (PEG) and polycaprolactone (PCL). These
polymers were cast into thin films and their tensile mechanical properties, equilibrium
swelling properties, and in vitro degradation profiles were characterized. As a demonstration
of forming adhesive-coated meshes, these adhesive polymer films were solvent casted onto
bovine pericardium, as well as three representative commercially available biologic meshes
(Permacol™, Covidien; CollaMend®, C.R. Bard; Surgisis®, Cook Biotech) used in hernia
repair (Figure 1). Biologic mesh materials were chosen in this study because they can
potentially provide a scaffold that promotes rapid tissue ingrowth, resulting in an organized
collagenous tissue.36–39 In addition, biologic meshes generate a reduced inflammatory
response, fewer infections, and fewer post-surgical adhesions to surrounding tissues than do
synthetic meshes. The adhesive properties of these adhesive-coated biologic meshes were
determined using lap shear and burst tests.

2 Experimental
Here, we describe the procedures for the preparation of two adhesive polymers, AP1 and
AP2 (Schemes 1 and 2, respectively), which were synthesized utilizing two linear bi-
functional PCL precursors, PCL1250-diSA and PCL2000-diGly, respectively. These
polymers were characterized using nuclear magnetic resonance (NMR), UV-vis, and gel
permeation chromatography in concert with light scattering (GPC-LS). Both adhesive
polymers were cast into thin-films and their extent of swelling, in vitro degradation rate, and
mechanical properties were characterized. Finally, methods for coating the adhesive
polymer and the adhesive performance of the adhesive-coated biologic meshes were
determined.

Materials
Polycaprolactone-diol MW1250 (PCL1250), polycaprolactone-diol MW2000 (PCL2000),
polycaprolactone-triol MW900, succinic acid (SA), concentrated hydrochloric acid, N-Boc-
Gly-OH, 3,4-dihydroxyhydrocinnamic acid (DOHA), 20% phosgene solution, dopamine
hydrochloride, pyridine, and 4-dimethylaminopyridine (DMAP) were obtained from Sigma
Aldrich (St. Louis, MO). N,N′-dicyclohexylcarbodiimide (DCC), 1-hydroxybenzotriazole
hydrate (HOBt), and O-(benzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium
hexafluorophosphate (HBTU) were purchased from Chem-Impex International (Wood Dale,
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IL), while dimethylformamide (DMF) was obtained from Acros (Fair Lawn, NJ).
Chloroform, sodium chloride, magnesium sulfate, hexane, diethyl ether, trifluoroacetic acid,
triethylamine, toluene, N-hydroxysuccinimide (NHS), and methanol were obtained from
Fisher Scientific (Pittsburg, PA). 4ARM-PEG10K-NH2-HCl and 4ARM-PEG10K-OH were
purchased from Jenkem Technology USA, Inc. (Allen, TX). Bovine pericardium was
obtained from Nirod Corporation (Ames, IA), while dialysis tubing (Spectrapor 7; 15,000
MWCO) was obtained from Spectrum Laboratories, Inc. (Rancho Dominquez, CA).

Synthesis of PCL1250-diSA
PCL1250-disuccinic acid (PCL1250-diSA) was prepared by reacting succinic anhydride
with PCL1250-diol to yield a diacid-functionalized oligomeric precursor used in the
synthesis of AP1. 10 g of PCL1250 (8 mmol), 8 g of SA (80 mmol), 6.4 mL of pyridine (80
mmol), and 100 mL of chloroform were refluxed with Argon purging overnight. After
adding 100 mL of chloroform, the mixture was washed successively with 100 mL each of
12.1 mM HCl, saturated NaCl, and nanopure water. The organic layer was dried over
magnesium sulfate, and then the volume of the mixture was reduced by half using rotary
evaporation. After pouring the mixture into 800 mL of a 1:1 mixture of hexane and diethyl
ether, the polymer was precipitated overnight at 4°C. The polymer was collected and dried
under vacuum to yield 8.1 g of PCL1250-diSA. 1H NMR (400 MHz, CDCl3/TMS): δ 4.3 (s,
12H, -OOC-CH2-(CH2)4-O-), 4.1 (s, 2H,CH2-OOC-(CH2)4CH2-O-), 3.6 (s, 4H, -PEG-), 2.7
(m, 4H,-OOCCH2CH2COOH), 2.3 (m, 12H, -OOC-(CH2)4- CH2-O-), 1.5 (m, 24H, -OOC-
CH2-CH2-CH2- CH2-CH2-O-), 1.3 (m, 12H, -OOC-(CH2)2-CH2-(CH2)2-O).

Synthesis of Adhesive Polymer 1 (AP1)
A solution of 0.338 g of HOBt (2.5 mmol), 0.950 g of HBTU (2.5 mmol), and 280 μL of
triethylamine (2.0 mmol) in 20 mL of chloroform and 30 mL of DMF was added drop-wise
over 60 min to a mixture of 4-arm PEG-Amine (5 g, 0.5 mmol), PCL1250-diSA (0.625 g,
0.5 mmol), DOHA (0.228 g, 1.25 mmol), and 20 mL of DMF. After the reaction mixture
was stirred for 24 hours, 0.0455 g of DOHA (0.25 mmol) was added and the mixture was
further stirred at room temperature for 1 hour. This solution was filtered into diethyl ether
and precipitated overnight at 4°C. The precipitate was collected by vacuum filtration and
dried under vacuum for 24 hours. The polymer was then dissolved with 75 mL each of 50
mM HCl and methanol, and dialyzed (15,000 MWCO) in 4 L of water (acidified to pH 3.5
with concentrated HCl) for 2 days. 3.8g of AP1 was obtained after lyophilization. 1H NMR
(400 MHz, DMSO/TMS): δ 8.7-8.5 (s, 2H, -C6H3(OH)2), 7.9 (d, 2H, -PEG-CONHCH2),
6.6-6.4 (dd, 3H, -C6H3(OH)2), 4.1 (s, 2H, -PEG-O-CH2-CH2-NHCO-), 4.0 (t, 12H, -OOC-
CH2-(CH2)4-O-), 3.8-3.5 (m, 224H, -PEG-), 3.4 (s, 2H, -NHCOCH2CH2 C6H3(OH)2 -), 3.3
(s, 4H, -PCL-PEG-PCL-), 3.2 (s, 2H, -NHCOCH2CH2 C6H3(OH)2 -), 2.3 (m, 14H, -OOC-
(CH2)4-CH2-OOCCH2CH2CONH-), 1.5 (m, 24H, -OOC-CH2-CH2-CH2- CH2-CH2-O-),
1.3 (m, 12H, -OOC-(CH 2)2-CH2-(CH2)2-O). UV-vis: 3.6 ± 0.33 wt% DOHA. GPC-LS:
Mw = 98,000; PD = 2.8.

Synthesis of PCL2000-diGly
Di-glycine functionalized PCL2000 (PCL2000-diGly) was synthesized by reacting
PCL2000-diol with N-Boc-Gly-OH followed by Boc removal to yield a diamine oligomeric
precursor used in the synthesis of AP2. 10 g of PCL2000 (5 mmol) and 2.63 g of Boc-Gly-
OH (15 mmol) were dissolved with 60 mL chloroform, and purged with Argon for 30
minutes. 3.10 g of DCC (15 mmol) and 61.1 mg of DMAP (0.5 mmol) were then added to
the reaction mixture, and the reaction was stirred overnight with Argon purging. The
solution was filtered into 400 mL of diethyl ether. The precipitate was collected through
filtration and dried under vacuum to yield 4.30 g of PCL2000-diBocGly. The Boc protecting
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group was removed by reacting the polymer in 14.3 mL each of chloroform and
trifluoroacetic acid for 30 minutes. After precipitation twice in diethyl ether, the polymer
was dried under vacuum to yield 3.13 g of PCL2000-diGly. 1H NMR (400 MHz, CDCl3/
TMS): δ 4.2 (m, 4H, -CH2NH2) 4.0 (t, 16H, -OOC-(CH2)4-CH2-O-), 3.8-3.6 (t, 4H, -O-
CH2CH2-O-), 2.3 (t, 16H, -OOC-CH2(CH2)4-O-), 1.7 (m, 32H, -OOC-CH2-CH2-CH2- CH2-
CH2-O-), 1.3 (m, 16H, -OOC-(CH2)2-CH2-(CH2)2-O-).

Synthesis of Adhesive Polymer 2 (AP2)
10 g of 4-arm PEG-OH (1 mmol) and 180 mL of toluene were placed in a 500 mL round-
bottom flask equipped with a condenser and a Dean-Stark apparatus. While purging with
Argon, the PEG was dried via azeotropic evaporation until 90 mL of toluene had been
evaporated. After the mixture cooled to room temperature, 10.6 mL of 20% phosgene
solution in toluene (20 mmol phosgene) was added, and the mixture was further stirred in a
50–60°C oil bath for 4 hours while purging with Argon. The toluene was then removed via
rotary evaporation and further dried under vacuum overnight. Then, 691 mg of NHS (6
mmol) and 65 mL of chloroform were added to the dried polymer, and the mixture was
stirred under Argon until the polymer dissolved. After drop-wise addition of 840 μl of
triethylamine (6 mmol) in 10 mL of chloroform, the reaction mixture was stirred with Argon
purging for 4 hours. Next, 427 mg of dopamine hydrochloride (2.2 mmol) in 25 mL of DMF
and 307 μl of triethylamine (2.2 mmol) were added, and the mixture was stirred for 4 hours.
Subsequently, 2.4 g of PCL2000-diGly (1 mmol) and 280 μL of triethylamine (2 mmol)
were added, and the reaction mixture was stirred overnight. Then, 133 mg of dopamine
hydrochloride (0.7 mmol) was added to cap the reaction along with 98 μl of triethylamine
(0.7 mmol). The mixture was precipitated in diethyl ether, and the collected precipitate was
dried under vacuum. The crude polymer was dissolved in 150 mL of methanol and 100 mL
50 mM HCl, and dialyzed (15,000 MWCO dialysis tubing) in 4 L of water at pH 3.5 for 2
days. Lyophilization yielded 3.3 g of AP2. 1H NMR (400 MHz, DMSO/TMS): δ 8.7-8.5 (s,
2H, -C6H3(OH)2), 7.6 (t, 1H,–PCL-OOC-CH2-NHCOO-CH2-CH2-O-), 7.2 (t, 1H, CH2-
CH2-OOCNH-CH2-CH2-C6H3(OH)2), 6.7-6.4 (d, 3H, -C6H3(OH)2), 4.2 (m, 2H, -OOC-
CH2NHCOO-), 4.0 (m, 16H, -OOC-(CH2)4-CH2-O-), 3.7-3.3 (m, PEG, -O-CH2-CH2-O-),
3.3-3.1 (m, 4H, CH2-CH2-NHCOO-CH2-CH2-C6H3(OH)2), 2.3 (t, 16H, -OOC-CH2(CH2)4-
O-), 1.7 (m, 32H, -OOC-CH2-CH2-CH2- CH2-CH2-O-), 1.3 (m, 16H, -OOC-(CH2)2-CH2-
(CH2)2-O-). UV-vis: 2.92 ± 0.34 wt% dopamine. GPC-LS: Mw = 66,000; PD = 4.4.

Characterization of adhesive polymer
1H NMR was performed at the National Magnetic Resonance Facility at Madison
(NMRFAM) located at the University of Wisconsin-Madison for the purpose of determining
the composition of the adhesive polymers (i.e., PEG and PCL content). The catechol content
of the block copolymers was determined using UV absorbance of polymer solutions in
methanol or DMSO at the maximum absorbance wavelength of the catechol (λmax = 280
nm). Solutions containing known concentrations of DOHA or dopamine were used to
construct the calibration curve.

Molecular weight of polymers was determined by GPC-LS on an Optilab® rEX (Wyatt
Technology) refractive index detector and a miniDAWN™ TREOS (Wyatt Technology)
triple-angle light scattering detector using Shodex-OH Pak columns (SB-804 HQ and
SB-802.5 HQ). Either 50:50 mixture of methanol and phosphate buffered saline (AP1) or
DMF (AP2) was used as the mobile phase. The experimentally determined reflective index
(dn/dc) value of each polymer was used for the molecular weight calculation.
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Characterization of polymer film
Adhesive polymers were cast into films from solutions of either methanol or chloroform,
and their percent swelling, in vitro degradation profiles, and tensile mechanical properties
were determined. For each test, the films were cured by the addition of a sodium periodate
(NaIO4) solution which promotes oxidative crosslinking of the catechol. Additionally, up to
30 wt% of PCL-triol was formulated into the adhesive films to determine the effect of added
PCL content on the physical and mechanical properties of the adhesives. The equilibrium
swelling of the adhesive films in phosphate buffered saline (PBS, pH 7.4, 37°C, 24 hours)
was calculated by the equation, Ws/Wd, where Wd and Ws are the weights of the dry and
swollen films, respectively. In vitro degradation was determined by monitoring the mass
loss of the adhesive films incubated in PBS (pH 7.4) over time at 37°C.

For tensile mechanical testing, adhesive films were cast in a dog-bone shaped mold (9.53
mm gauge length, 3.80 mm gauge width, and 12.7 mm fillet radius) and swollen in PBS (pH
7.4) for 1 hour prior to testing. Films were loaded to failure at a rate of 10 mm/min using a
materials test machine (Admet, Inc., Norwood, MA). The maximum tensile strength and
failure strain were recorded. Stress vs. strain curves were also used to calculate the Young’s
modulus (initial slope) and toughness (area under the curve).

Coating adhesive film onto biologic mesh
Polymer solutions were solvent cast (methanol or chloroform) over the biologic meshes, and
then dried under vacuum overnight. In order to control the thickness of the films, the
polymers were casted at coating densities of 15–90 g/m2. The thickness of the coatings was
determined by measuring the difference between the average thicknesses of coated and
uncoated meshes (n=6) using a digital micrometer (Fred V. Fowler Company, Newton,
MA). Similarly, the mass of the coated films was determined by the difference between the
average masses of the coated and uncoated meshes (n=6).

Method for adhesion testing
Adhesive properties of the coated meshes were determined using lap shear and burst
strength adhesion tests (Figure 2) in accordance with American Society for Testing and
Materials (ASTM) standards. For the lap shear test (ASTM F2255),40 adhesive-coated mesh
segments were cut into 2.5 cm × 5 cm strips, hydrated in PBS, and then activated by
addition of a solution of NaIO4 (40 μL) prior to bringing the coated mesh into contact (2.5
cm × 1 cm overlap) with the test substrate (bovine pericardium; 2.5 cm × 5 cm). The
adhesive joint was compressed with a 100 g weight for 2 hours, and further conditioned in
PBS (37°C) for another hour prior to testing. The adhesive joints were loaded to failure in
shear at a rate of 10 mm/min, and the maximum strength and failure strain were recorded.
Additionally, the work of adhesion was determined by the area under the strength vs. strain
curve and normalized by the initial contact area of the adhesive joint. Lap shear test
conditions included assessing the effect of varying NaIO4 concentrations, polymer coating
density, and PCL-triol addition.

For the burst adhesion test (ASTM F2392),41 the adhesive-coated mesh segments were cut
into 15 mm-diameter circular samples and conditioned in the same manner as with the lap
shear testing. A 40 mm-diameter circular piece of bovine pericardium with a concentric 3
mm-diameter defect served as the test substrate. A syringe pump was used to push PBS
against the adhesive joint until the solution burst through the seal, and the burst pressure was
recorded.

For both tests, sample size was 6. Commercially available tissue adhesives such as
cyanoacrylate (Dermabond®, Ethicon Inc.) and fibrin glue (Tisseel™, Baxter Healthcare
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Corporation) were utilized for comparison purposes. These adhesives were applied in situ
onto bovine pericardium substrates according to the instructions of the manufacturer.

Statistical analysis
Statistical analysis was performed using an analysis of variance (ANOVA) and Tukey post
hoc analysis with a significance level of p = 0.05.

3 Results and Discussion
Synthesis of new adhesive polymers

Two new adhesive polymers (AP1 and AP2) were synthesized according to Schemes 1 and
2, respectively, and their chemical compositions are shown in Table 1. These adhesive
polymers are amphiphilic multiblock copolymers constructed from a hydrophilic 4-armed
PEG and a linear bifunctional, hydrophobic polyester, PCL. The presence of PEG allows the
adhesive polymer to remain relatively hydrophilic in order to achieve good “wetting” or
adhesive contact with both the biologic mesh and the tissue substrate. The branched
architecture of PEG was utilized both for chain extension of the polymer backbone through
reacting with bifunctional PCL, as well as coupling with adhesive molecules, 3,4-
dihydroxyhydrocinnamic acid (DOHA) or dopamine, through a one-step synthesis. AP1 was
synthesized by coupling terminal amine groups of 4-armed PEG-amine with the carboxyl
termini of PCL1250-diSA to form amide linkages using carbodiimide chemistry. In the
synthesis of AP2, 4-arm PEG-OH (activated with phosgene and then NHS) was reacted with
terminal amine groups of PCL2000-diGly to form urethane linkages. AP2, which utilized a
higher molecular weight PCL in the synthesis, has a higher PCL content (20.6 wt%) as
compared to AP1 (13.4 wt%). The catechol contents for both adhesive polymers are
approximately 3 wt%. These adhesive molecules are responsible for interfacial binding as
well as further solidifying the adhesive film when an oxidant is introduced. Catechols are
converted to highly reactive quinones which can result in covalent crosslinking with other
catechols within the adhesive film (cohesive crosslinking),42 or with functional groups such
as amine and thiol found on tissue surfaces (adhesive crosslinking). 30, 43

Characterization of adhesive polymer films
The degree of swelling was affected by the composition of the adhesive formulation, as well
as the coating density (mass of polymer per unit area) of the films (Table 2). For example,
higher PCL content in AP2 resulted in less swelling compared to AP1. When PCL-triol was
added to both polymers, these formulations exhibited significantly less swelling. These
observations were expected since the extent of water uptake is related to the hydrophobicity
of the films. In addition to PCL content, the polymer coating density also affected the extent
of swelling, with films formed with half the coating density absorbing 1.4 times more water.
The coating density likely affected the crosslinking density of the film, which is known to be
inversely proportional to the degree of swelling. 42

The mechanical properties of the film were also found to be strongly affected by the PCL
content (Table 3). For example, AP2 demonstrated significantly higher tensile strength and
toughness, compared to AP1. Strength and toughness values for AP2 formulated with the
addition of 30 wt% of PCL-triol were even greater, suggesting that the mechanical
properties of these adhesives can be modulated by blending them with compounds that
impart the desired characteristics. Note that the toughness more than doubled with the
addition of PCL-triol to AP2. The addition of PCL-triol increased the crosslinking density in
the film, which resulted in the observed increase in mechanical properties. This increase in
crosslinking density did not result in brittle films as reflected in the elevated strain to failure
values.
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The more hydrophilic AP1 films degraded at a faster rate as compared to AP2 (Figure 3).
Since our adhesive films degrade mainly through hydrolysis of ester linkages within the
PCL blocks, the greater water uptake by AP1 (correlated with elevated swelling) resulted in
faster degradation. However, when 30 wt% PCL-triol (MW = 900) was blended into the
polymer film, the degradation rate increased. Although PCL-triol increased the overall
hydrophobicity of the film, the faster rate of mass loss may be due to the rapid release of the
lower molecular weight oligomers through diffusion. Apart from film hydrophobicity, pH of
surrounding media may play a role in the rate of degradation. The rate of hydrolysis can be
reduced in slightly more acidic pH or increased when the film was incubated in a more basic
solution (data not shown). However, we did not observe significant change in the pH of the
PBS buffer over the course of the study.

These results demonstrate that both the chemical architecture and adhesive formulation play
a significant role in the physical and mechanical properties of the adhesive films.
Specifically, the hydrophobicity of the film had a significant impact on the extent of
swelling, which was found to be related in an inverse manner to the mechanical properties
and rate of hydrolysis. These observations are in agreement with amphiphilic multiblock
copolymer films reported in the literature. 44–47 By designing the adhesive polymers with
different compositions, we were able to tailor these properties, which were further refined by
blending these polymers with PCL-triol.

Adhesive coated on bovine pericardium
Bovine pericardium was first evaluated as backing material for the adhesive coating. This
biomaterial was chosen because it is an inexpensive and readily abundant extracellular
matrix with suitable mechanical properties (tensile failure load of 41 ± 9.8 N/cm).
Additionally, several acellular bovine pericardium-based products (e.g., Veritas®, Synovis
Surgical Innovations; Tutomesh®, RTI Biologics) have been approved by the FDA for soft
tissue reconstruction.48–50

Adhesive performance of the coated bovine pericardium was evaluated using lap shear and
burst strength adhesion tests. Both lap shear strength and work of adhesion, the total amount
of energy required to separate the adhesive joint, increased with increasing NaIO4
concentration, but exhibited no further increase when the concentration exceeded 20 mg/mL
(Table 4). To minimize potential in vivo complications with using this oxidant, the lowest
possible amount (20 mg/mL) was used in subsequent testing whenever possible. Varying the
polymer coating density also affected the adhesive properties (Table 5), with higher coating
densities yielding higher adhesive strengths for both lap shear and burst tests. The adhesive-
mesh constructs were created using a loading density of at least 60 g/m2 in subsequent
testing. When AP1 was formulated with PCL-triol (Table 6), no change in adhesive
strengths was observed. However, the work of adhesion was significantly increased at the
highest PCL-triol (30 wt%) content tested.

Using the optimized parameters (20 mg/mL NaIO4 and coating density of 60 g/m2) from the
previous adhesion tests, the adhesive properties of the bioadhesive constructs were
determined and compared to commercially available bioadhesives: Dermabond® (a
cyanoacrylate adhesive) and Tisseel™ (a fibrin adhesive). While Dermabond exhibited the
highest adhesive strengths for both lap shear and burst strength adhesion tests (Figures 4 and
5, respectively), the adhesive-coated pericardium significantly outperformed Tisseel. For
example, AP1 (70.0 ± 9.50 kPa) and AP2 (107 ± 24.7 kPa) demonstrated adhesive strengths
that were 27 and 42 times higher than that of Tisseel (2.58 ± 1.76 kPa). Given that the
adhesive performances of AP1 and AP2 were statistically equivalent, AP1 was used in
subsequent testing.
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Adhesive film coated on commercial biologic mesh
Three commercially available biologic hernia meshes derived from multilayered porcine
small intestinal submucosa (Surgisis®, Cook Biotech) and crosslinked porcine dermal tissue
(Permacol™, Covidien, and CollaMend®, C.R. Bard) were coated with AP1. Regardless of
the mesh type, AP1 outperformed Tisseel by more than ten-fold (Figure 6). While the AP1
constructs only exhibited adhesive strengths that were 30–60% of those of Dermabond, it is
possible to further optimize the coating technique or adhesive formulation specific to each
mesh type. As shown in Table 7, the measured coating mass on each mesh type was nearly
equivalent as they were coated with the same coating density (90 g/m2). However, the
measured coating thicknesses on both the Permacol and Surgisis meshes were significantly
less than that on CollaMend. It is likely that when the polymer solution was directly applied
onto these meshes, the solution soaked into the porous matrices and the lower coating
thicknesses may have contributed to the lower adhesive strength values.

Exploiting nature’s adhesive molecule
A new series of synthetic biomimetic adhesives that combines the superior mechanical
properties of amphiphilic multiblock copolymers with water-resistant adhesive moieties is
described. These polymers are either functionalized with DOHA or dopamine (Figure 7),
which resemble the catecholic side chain of DOPA that marine mussels utilize to form
strong bonds in the presence of water. We exploited catechol’s ability to crosslink with both
the biologic mesh and tissue substrate to generate strong interfacial bonds. The adhesive
property of the phenylic functional group is triggered by the addition of oxidant (NaIO4) that
converts the catechol to highly reactive quinone, which has been shown to be critical for
binding to soft tissue surfaces.30 While NaIO4 is an irritant and strong oxidant, it is reduced
to benign iodide through the red-ox reaction with catechol. Additionally, a NaIO 4-cured
PEG-DOHA sealant was demonstrated to be non-toxic 22 and elicited minimal inflammatory
responses in vivo,51 indicating that the use of NaIO4 appears to be a potentially viable
method for activating these biomimetic adhesives.

PEG-catechol conjugates have been previously studied as potential tissue adhesives. 33, 42,
51 However, relatively fragile PEG hydrogels were used as the bulk supporting material for
these adhesives, and the associated mechanical properties were significantly lower than
those for the adhesives in this report. While the tensile strength of PEG-based hydrogels can
increase with increasing cross-linking density, densely cross-linked hydrogels are also brittle
and fracture at relatively low strain.52 To improve the adhesive performance of DOPA-
based adhesives, we combined nature’s water-resistant adhesive molecules with amphiphilic
multiblock copolymer films, which are known to have excellent mechanical properties even
when swollen.44–47 Unlike hydrophilic PEG-based hydrogels, which can swell excessively
and become fragile, hydrophobic PCL content was used to control the swelling of the
proposed films, which in turn, modulated the cohesive properties of the films. Even with
elevated PCL content, these adhesive films demonstrated elevated mechanical properties
while still retaining relatively high failure strain. These PCL segments readily self-assemble
in an aqueous environment through hydrophobic-hydrophobic interaction to form cross-
linking points, which is a likely source of the elevated mechanical properties.

The adhesive performances of the adhesive-coated constructs are strongly affected by the
bulk mechanical properties of the films. For example, formulations that yielded films with
reduced swelling or high tensile properties (i.e. elevated PCL content, increased coating
densities) also resulted in elevated adhesive properties. This observation is in agreement
with literature findings where it was reported that films with elevated mechanical properties
correlated to high lap shear adhesion strength.53 Additionally, degradation profiles of these
adhesives can be tailored by both the composition of the polymer as well as the
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incorporation of PCL-triol. Our ability to control various properties of the adhesive in a
predictable manner can be used to tailor the adhesive formulation to match the specification
of a given application.

Potential clinical implications
The use of tissue adhesives is a relatively new approach in mesh fixation that can potentially
alleviate the debilitating side effects associated with currently used perforating fixation
devices (sutures, tacks, and staples). Specifically, mesh fixation has been linked to
postoperative pain in as many as 63% of hernia repair procedures, with pain that alters
patients’ quality of life occurring in 4–12% of the cases.9, 11 Postoperative evaluation that
compared mesh fixation with staples versus fibrin glue found that the prevalence of chronic
pain was significantly higher in the stapled group (21%) than in the fibrin sealant group
(4.7%).16 In some instances, however, fibrin glue alone cannot effectively secure meshes in
vivo due to its poor adhesive strength,14, 15 while stronger bioadhesives such as
cyanoacrylate and GRF have inherently undesirable characteristics (i.e., toxic degradation
products and poor biomechanical properties).18, 19 Further, existing tissue adhesives require
preparation prior to use, which may complicate surgical work flow.

The bioadhesive constructs described herein demonstrated burst pressures that are well
above reported physiological intra-abdominal pressures (64–252 mm Hg),54 and
significantly outperformed fibrin-based adhesives which have been reported to have some
level of success in hernia mesh fixation in vivo.15–17 A pre-coated adhesive mesh that binds
strongly to tissue and degrades over time when its function is no longer required can
potentially eliminate the need for mechanical fixation methods while improving long-term
patient comfort.

4 Conclusion
In this paper, we combined a novel polymer design, a biomimetic approach, and
biofunctional materials to address a substantial clinical shortcoming. Two new adhesive
polymers were synthesized and coated onto several biologic meshes. These adhesive-coated
constructs demonstrated significantly higher adhesive strength as compared to fibrin glue.
The adhesive properties and rate of degradation, as well as the physical and mechanical
properties of the adhesive films can be tailored based on polymer composition, coating
density, oxidant concentration, and PCL-triol content. The coating process can be applied to
different commercial biologic meshes ranging from cross-linked dermal tissues to
multilayered porcine small intestine submucosa, while imparting strong water-resistant
adhesive properties to these scaffolds. Based on lap shear and burst strength adhesion tests,
these bioadhesive constructs demonstrated adhesive properties that may be suitable for soft
tissue reconstruction.
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Figure 1.
Photograph of adhesive film (3cm×8cm) coated on a 6cm×8cm biologic mesh. A and B
indicate adhesive-coated and uncoated regions, respectively.
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Figure 2.
Schematics of the setup for A) lap shear and B) burst strength tests.
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Figure 3.
In vitro degradation profile of adhesive films incubated at 37°C in PBS (pH 7.4).
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Figure 4.
Maximum adhesive shear strength for adhesive joints formed using adhesive-coated bovine
pericardium. Solid line represents statistical equivalence (p > 0.05).
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Figure 5.
Burst pressure of adhesive joints sealed with adhesive-coated bovine pericardium. Solid line
represents statistical equivalence (p > 0.05).
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Figure 6.
Lap shear adhesive strength required to separate adhesive joint formed using adhesive-
coated biologic meshes. For each mesh type, the adhesive strength of AP1 differed
significantly from that of the two commercial adhesives (p < 0.05).
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Figure 7.
Chemical structures of A) DOPA and B) DOHA (R = COOH) or dopamine (R = NH2)
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Scheme 1.
Synthesis scheme of PCL1250-diSA and AP1.
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Scheme 2.
Synthesis scheme of PCL2000-diGly and AP2.
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Table 2

Equilibrium swelling of adhesive films.

Adhesive Polymer Coating Density (g/m2)# Weight % PCL Swollen Film Thickness (μm)$ Extent of Swelling (Ws-Wi/Wi)*

AP1

23 0 263 ± 9.64 9.8 ± 0.90

46 0 368 ± 4.58 7.2 ± 0.61

46 30 260 ± 40.1 4.2 ± 0.50

AP2

23 0 189 ± 4.51 7.0 ± 0.20

46 0 261 ± 11.9 5.0 ± 0.20

46 30 209 ± 6.66 4.2 ± 0.20

#
Amount of polymer used to form the dry film in mass per unit area of the mold

$
Measured with electronic micrometer

*
For each polymer type, the mean values for each treatment are significantly different from each other (p < 0.05)
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Table 3

Tensile properties of swollen adhesive films.

Vertical lines = statistical equivalence (p > 0.05)
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Table 4

Effect of NaIO4 concentrations on adhesive properties#

NaIO4 Concentration (mg/mL) Maximum Strength (kPa) Work of Adhesion (J/m2)% Strain at Failure

10 9.34 ± 2.89* 22.2 ± 12.3$ 0.489 ± 0.439

20 46.6 ± 19.3 77.0 ± 26.1$ 0.366 ± 0.0698

30 42.3 ± 26.1 60.7 ± 34.5 0.315 ± 0.0627

40 45.0 ± 20.4 60.8 ± 14.6 0.168 ± 0.118

#
Performed using AP1-coated bovine pericardium

%
Normalized by initial area of contact

*
Significantly different from other 3 treatments (p < 0.05)

$
Significantly different from each other (p < 0.05)
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Table 5

Effect of polymer coating density on adhesive properties#

#
Performed using AP1-coated bovine pericardium

%
Normalized by initial area of contact

Vertical lines = statistical equivalence (p > 0.05)
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Table 6

Effect of PCL-triol content on adhesive properties of AP1

Wt% PCL-triol Maximum Strength (kPa) Work of Adhesion (J/m2) Strain at Failure

0 70.0 ± 9.50 77.7 ± 13.3 0.293 ± 0.0498

15 88.4 ± 20.1 117 ± 15.8 0.469 ± 0.191

30 74.6 ± 29.3 131 ± 51.2* 0.481 ± 0.160

*
Significantly higher than 0 wt% PCL-triol (p < 0.05).
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Table 7

AP1coating thickness and weight on each biologic mesh

Mesh Type Coating Thickness (μm)* Coating Mass (g/m2)#

Permacol 22 66

CollaMend 86 66

Surgisis 34 73

*
Determined from the difference between the average thicknesses of coated and uncoated meshes as measured by a digital micrometer (n=6)

#
Determined from the difference between the average mass densities of coated and uncoated meshes as measured by a balance (n=6)
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