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Abstract:



For underwater adhesives with biocompatible and more flexible bonds using biomimetic adhesive groups, DOPA-like adhesive molecules were modified with cyanoacrylates to obtain different repeating units and chain length copolymers. The goal of this work is to copy the mechanisms of underwater bonding to create synthetic water-borne underwater medical adhesives through blending of the modified DOPA and a triblock copolymer (PEO-PPO-PEO) for practical application to repair wet living tissues and bones, and in turn, to use the synthetic adhesives to test mechanistic hypotheses about the natural adhesive. The highest values in stress and modulus of the biomimetic adhesives prepared in wet state were 165 kPa and 33 MPa, respectively.
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1. Introduction


Recently, new generations of bioadhesives have been considered for bone fixation, thus anatomically fixating small fragments and avoiding further surgical operations to remove the mechanical devices [1,2,3,4,5,6]. Nevertheless, although many challenges have been undertaken, still no bone adhesives are suitable for practical use in clinical practice [7]. An appreciable model for underwater adhesion is the mussel protein, which is well known for its competence to stick to wet surfaces [2,6,7,8,9,10,11,12].



Mussels release specialized adhesive proteins containing catecholic amino acid, 3,4-dihydroxy-L-phenylalanine (DOPA), which is responsible for both strong interfacial binding and curing of these proteins [2,7]. DOPA is an amino acid that is believed to be responsible for the adhesive characteristics of underwater adhesive proteins (UAPs). The biomimetic approach based on DOPA is to improve adhesive deliverability and performance in the presence of water.



Recently, Messersmith group reported that the catechol form of DOPA bonds to wet titanium oxide surfaces with dissociation energies of 22 kcal/mol, the strongest noncovalent bond yet measured, providing support for DOPA’s main role in interfacial adhesion [13]. Along with exhibiting fine adhesion to polymer surfaces and inorganic metals, DOPA-containing polymeric molecules have been found to strongly interact with a pig gastric glycoprotein in dilute solution, suggesting that DOPA-containing proteins and biomimetic polymers may have useful biocompatible adhesive properties which can be exploited for medical applications [14,15,16,17].



Despite these advantages, underwater bioadhesive (UWB) materials that are currently available rarely meet all the requirements for practical applications due to extremely limited manufacturing, poor adhesion to wet tissues and toxicity concerns. The challenge is to develop effective adhesives for repair of wet living tissues and bones with reasonable production methods.



Bond strengths of barnacle and sandcastle worm (Phragmatopoma californica) glues or byssal thread and plaque assemblies created by mussels (Mytilus edulis) on glass were in the range of 0.2–0.3 MPa [18,19]. These values in underwater bond strengths of bioadhesives are not good enough for practical application. Mimetic adhesives for useful technology should fulfil higher bond strengths at wet state than the ordinary adhesives to find broad practicality.



There have been several approaches to overcome the problems in practical applications of UWB. Of particular interest is the chemical modification of DOPA [20,21,22,23,24,25,26,27,28,29,30]. In an effort to take advantage of the adhesive properties of DOPA, many researches have been focused on the synthesis and characterization of DOPA-containing polymers [21,22,23,24,25]. However, the cross-linking of the DOPA-containing compounds was typically performed by oxidation of DOPA moiety to form DOPA-quinone, which engaged in intra/intermolecular curing reactions to produce a gel network.



The oxidized DOPA is considered to be less adhesive than the unoxidized DOPA [16]. DOPA-containing proteins and polymers reveal better adhesion to metallic wet surfaces when DOPA moiety is not oxidized [23,26]. In this study, an alternative method of coacervate formation that can preserve the unoxidized adhesive form of DOPA was studied. This approach is to conjugate polyethyleneoxide-polypropyleneoxide-polyethyleneoxides block copolymers (PEO-PPO-PEO) with biological moiety that are known to possess desirable adhesive properties in nature, such as DOPA. In literatures reported, low-molecular-weight epoxy resins have been mixed with amphiphilic block copolymers such as poly(ethylene oxide)-block-poly(ethylene-propylene) [22,23]. The initially short epoxy resin is miscible in the higher molecular weight PEO block due to their matching polarity. The triblock architecture could allow an anchoring of the potentially repulsive PPO hydrophobic domains, based on the hydrogen bonding of the PEO blocks to the cathecols of DOPA on both sides. PPO basically induces hydrogen bonds with phenolics and thus it may not be sufficiently repulsive [23] so they could form coacervate hydrophobic/hydrophilic hybrid domain.



Thus, the aim of this work is to copy the mechanisms of underwater bonding to create synthetic water-borne underwater medical adhesives through the blending of modified DOPA and triblock copolymer (PEO-PPO-PEO), and in turn, to use the synthetic adhesives to test mechanistic hypotheses about the natural adhesive.




2. Results and Discussion


2.1. Synthesis of Dopamine Methacrylamide (DMA)


Dopamine-HCl was reacted with methacrylate anhydride to produce DMA with 61% in yield. The prepared DMA was characterized by 1H-NMR (Figure 1) and 13C-NMR (Figure 2). DMSO-d6 and TMS were used as a deuterized solvent and an internal standard, respectively, for NMR measurements.


Figure 1. 1H-NMR spectrum of Dopamine Methacrylamide (DMA).
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Figure 2. 13C-NMR spectrum of DMA.
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For 1H-NMR (300 MHz, DMSO-d/TMS): δ 8.7–8.6 [2H, (OH)2-Ar-], 7.9[1H, -C(=O)-NH-], 6.5–6.6 [2H,C6HH2(OH)2-], 6.42[1H, C6H2H(OH)2-], 5.61 [1H, -C=O)-C(-CH3)=CHH], 5.30 [1H, -C(=O)-C(-CH3)=CHH], 3.21[2H,C6H3(OH)2-CH2-CH2(NH)-C(=O)-], 2.55 [2H, C6H3(OH)2-CH2-CH2(NH)-C(=O)-], 1.84 [3H, -C(=O)-C(-CH3)=CH2]. Italic letters indicate the atom taking the peak.



For 13C-NMR (300 MHz, DMSO-d/TMS): δ 167.3 [s, 1C, -NH-C(=O)-C(CH3)=CH2], 145.0 [s, 1C, -NH-C(=O)-C(CH3)=CH2], 143.5–115.5 [6C, C6H3(O-C(=O)-CH3)2], 130.3 [s, 1C, -NH-C(=O)-C(CH3)=CH2], 41.0 [s, 1C, C6H3(OH)2-CH2-CH2(NH)-C(=O)-], 34.6 [s, 1C, C6H3(OH)2-CH2-CH2(NH)-C(=O)-], 18.7 [s, 1C, -C(=O)-C(-CH3)=CH2].



Figure 3 shows the IR absorption spectrum of DMA. The functional groups of DMA were identified at 1650 cm−1 (υC=C), 1670 cm−1 (υC6H5), 2750 cm−1 (υOH), 3250 cm−1 (υ-NH), and 1560 cm−1 (υC=O).


Figure 3. IR spectrum of DMA.
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2.2. Synthesis of Poly(dopamine methacrylamide-co-Methoxyethyl acrylate), PDM, and Poly(dopamine methacrylamide-co-Methoxyethyl acrylate-co-2-ethyl cyano acrylate), PDMC


PDM was synthesized by free radical copolymerization of the DMA and MEA monomers with AIBN as a radical initiator as shown in Scheme 1. The monomer feed ratio of DMA and MEA was adjusted to 74 mmol (DMA) and 60 mmol to produce 1 to 1 monomer unit contents in the final polymer composition according to several prior trials.
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Scheme 1. Synthetic scheme of poly(DMA-co-MEA) and poly(DMA-co-MEA-co-ECA) from DMA + MEA + ECA. 






Scheme 1. Synthetic scheme of poly(DMA-co-MEA) and poly(DMA-co-MEA-co-ECA) from DMA + MEA + ECA.
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Notes: DMA: dopamine methacrylamide; MEA: 2-methoxyethyl acrylate; ECA: ethyl 2-cyanoacrylate; PDM: poly(DMA-MEA), x = y = 0.5, z = 0.0; PDMC: poly(DMA-MEA-ECA), x = y = 0.5, z = 1.0.





1H-nuclear magnetic resonance spectrum (300 MHz) was obtained with CDCl3 as a solvent and TMS as an internal standard (Figure 4).


Figure 4. 1H-NMR spectrum of Poly(dopamine methacrylamide-co-Methoxyethyl acrylate), PDM.
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1H: 6.81–6.70 (d, br, 2H, C6HH2(OH)2-), 6.58 [s, br, 1H, C6H2H(OH)2-], 4.20 [s, br, 2H, CH3-O-CH2-CH2-O-C(=O)-], 3.57 [s, br, 2H, CH3-O-CH2-CH2-O-C(=O)-], 3.36 [s, br, 3H, CH3-OCH2-CH2-O-C(=O)-], 2.69 [s, br, 2H, C6H3(OH)2-CH2-CH2 (NH)-C(=O)-], 2.39 [s, br, 1H, -O-C(=O)-CH(CH2-)-CH2-], 2.14 [s, br, 2H, C6H3(OH)2-CH2-CH2(NH)-C(=O)-], 1.93 [s, 3H, -NHC(=O)-C(CH3)(CH2-)-CH2-], 1.68 [m, br, -O-C(=O)-CH(CH2-) -CH2-], 0.98 [m, br, -NH-C(=O)-C(CH3)(CH2-)-CH2-]. This NMR analysis indicated a 1:0.9 molar ratio of DMA to MEA in the copolymer composition.



IR spectrum of PDM gives a distinct hydroxyl group of cathecol group of DOPA unit at 2931 cm−1 for cathecol OH and carbonyl C=O at 1732 cm−1 (Figure 5).


Figure 5. IR spectrum of PDM.
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The yield of PDM was 65% and the average Mn was 12,000 g/mol. The glass transition was observed at −15 °C on the 1st and 2nd heating runs of differential scanning calorimetry as shown in Figure 6.


Figure 6. Differential scanning calorimetry diagram of PDM.
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PDMC was synthesized by a thermally initiated free radical polymerization of DMA, MEA and ECA as shown in Scheme 1. The prepared polymer was characterized by 1H-NMR to calculate composition ratios of each repeating unit in the final polymer (DMA-co-MEA-co-ECA). 1H-NMR and chemical structure assignments are shown in Figure 7. After testing, samples which were prepared with various ratios of three repeating units, a tricopolymer which has 25% of DMA, 25% of MEA and 50% of ECA, demonstrated the most suitable properties for use as an adhesive. Therefore, this report focuses on an adhesive of this composition. According to 1H-NMR characterization (Figure 7), the proton of CH-CN showed at 3.4 ppm that the final composition reflects the initial feeds of monomers. 13C-NMR gives a distinct carbon of CN group in the PDMC at 162.6 ppm (Figure 8). IR spectrum of PDMC showed CN stretching vibration at 2040–2060 cm−1 (Figure 9). The yield of the PDMC was 71% and the average Mn was 7500 g/mol.


Figure 7. 1H-NMR spectrum of Poly(dopamine methacrylamide-co-Methoxyethyl acrylate-co-2-ethyl cyano acrylate), PDMC.
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Figure 8. 13C-NMR spectrum of PDMC.
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Figure 9. IR spectrum of PDMC.
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The melting transition was observed at 198 °C with quite crystalline morphology on the heating run of differential scanning calorimetry as shown in Figure 10.


Figure 10. Differential scanning calorimetry diagram of PDMC.
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2.3. Adhesion Properties


The mechanical properties for adhesion such as shear modulus and stress at break were measured using universal testing machine with the bone specimens adhered while wet (Figure 11). Super Glue was used as a control because there are no bone adhesives in clinical use for comparison. Adhesion tests were performed on stainless steel plates and bone specimen with the coacervates in five different compositions as described in Table 1, that is, CC-1; PDM with EPE (PEO-PPO-PEO tri-block polymer) in 1:1 ratio, CC-2; PDMC with EPE in 1:1 ratio, CC-3; PDM and PDMC with EPE in 1:1:1 ratio, CC-4; PDM and PDMC with EPE in 1:2:1 ratio and CC-5; same as CC-4 but no Ca2+/Mg2+ content. All surfaces were handled according to the same procedure.


Figure 11. Adhesion of wet bone by coacervates: vertical arrangement after adhesion (a) and specimen surface (b).
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Table 1. Compositions of the coacervates in weight portion.







	
CC

	
PDM

	
PDMC

	
EPE

	
Ca2+/Mg2+






	
CC-1

	
1

	
0

	
1

	
0.1




	
CC-2

	
0

	
1

	
1

	
0.1




	
CC-3

	
1

	
1

	
1

	
0.1




	
CC-4

	
1

	
2

	
1

	
0.1




	
CC-5

	
1

	
2

	
1

	
0.0










Adhesion properties such as stress at break, modulus and contact angle of the sample specimens were identified as shown in Table 2.



Table 2. Shear adhesion properties of complex coacervates on stainless steel plaques.







	
CC

	
Stress at Break (kPa)

	
Modulus (MPa)

	
Contact Angle (deg)






	
CC-1

	
75 ± 6.8

	
18 ± 2.5

	
76 ± 2.3




	
CC-2

	
96 ± 10.5

	
40 ± 5.2

	
87 ± 4.3




	
CC-3

	
138 ± 15.6

	
27 ± 3.2

	
95 ± 3.7




	
CC-4

	
165 ± 13.5

	
33 ± 3.5

	
110 ± 3.5




	
CC-5

	
125 ± 10.5

	
28 ± 3.0

	
110 ± 5.8




	
Super Glue

	
275 ± 3.5

	
42 ± 4.8

	
116 ± 6.9
















For adhesion in general, force is related to overlap area, with greater area yielding higher binding forces [31]. Because of the problems in determining the exact contact area, the values in modulus (shear) were taken from the tests in stainless-steel adhesion and, on the other hand, the values in stress at break were from the bone specimen tests. The columns of stress at break and modulus were each averaged from six individual specimens. The average adhesion varies dramatically as expected depending upon the amount of PDMC content. In case of CC-2, for example, its modulus showed 40 MPa which nearly approaches that of Super Glue (42 MPa) but 96 kPa, the value of stress at break, was quite low compared with Super Glue (273 kPa). The water contact angle was measured for each surface, prior to placement in the tanks, and these data are also shown in Table 2. The data provide insight on the relative surface energy of each substrate. CC-1 having PDM and EPE with Ca2+ and Mg2+ cations showed 76° in contact angle, on the other hand, CC-4 containing PDM, EPE and higher PDMC showed 116° which is more hydrophobic due to higher ECA content. The highest value in stress at break was 165 kPa shown in CC-4 which is about 65% of the strength of wet bones bonded with commercial cyanoacrylate adhesive (Super Glue).



In these complex coacervates, anion-cation interactions could contribute to enhanced adhesive bonding between the plaques and surface. For example, the CC-5 containing the same polymer content with CC-4 but no Ca2+ and Mg2+ cations showed 125 kPa in stress at break and 28 MPa in modulus. These values are quite low compared with CC-4 which means that anion–cation interactions especially have a stronger effect on the adhesion strength and modulus. Both the modulus and stress at break of the fully hydrated specimens increased with increasing divalent cation concentration. The coacervate with no Mg2+/Ca2+ resulted in the weaker bond. Other chemical contributions to strong adhesion on stainless-steel may include hydrogen bonding between the coacervate and the metal oxide surface as well as chelation of surface metal ions by the 3,4-dihydroxyphenylalanine (DOPA) of the polymers PDM and PDMC. The bonds were quite stable, neither swelling nor shrinking apparently after complete immersion in PBS (10 mM PO4, 120 mM NaCl, pH 7.2) for several weeks. Dimensional stability during cure and long exposure to physiological ionic strength and pH is an important requirement for a useful bone adhesive.



Figure 12 gives a model of coacervate structure and adhesive mechanisms. A: PDM/ PDMC and PEO(black)-PPO(red)-PEO block with Ca2+ and Mg2+ form nm-scale complex domain in water. The coacervate can adhere to the bone surface through electrostatic interactions, 3,4-dihydroxyphenol side chains, and quinone-mediated covalent coupling to matrix proteins. In this context, poly(ethyleneoxide)-poly(propyleneoxide)-poly(ethyleneoxide)s, PEO-PPO-PEO, triblock copolymers, are of significant interest because they exist in different states of aggregation in aqueous solution depending on relative block sizes and hydrophilicity. Their self-association behaviour in water has attracted great attention in the literature [20,27,28].


Figure 12. Model of coacervate structure and adhesive mechanisms.
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The coacervate liquid has low initial viscosity (ηinh 0.85) and specific gravity greater than 1 (1.15), all of which contribute to its activity to wet the bone surface. The coacervate adheres to moist bone shred and other inorganic materials through multiple mechanisms. The surface of the bone’s hydroxyapatite portion [Ca5(PO4)3(OH)] displays an arrangement of both positive and negative charges. The polyphosphate anion can interact directly with the surface cation or it can be bonded physically to the negative surface charges via the positive polyamine and/or the divalent cations. In the same way, charge–charge interaction of the polyamine with the surface bridged to the negative charges through the polyamine and/or divalent cations thereby contribute to adhesion [25]. Molecules containing catechol portions have been revealed to have strong absorptivity and to easily wet the bone surface.







3. Experimental Section


3.1. Materials


Triblock poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide), PEO-PPO-PEO (Pluronic F-127 as a trade name), average molecular weight of 12,600 g/mol (oxyethylene content, 71.5%–74.9%, content of PEO 80%) and an inhibitor-removing column, Sephadex LH-20 were purchased from Sigma-Aldrich Co. and used without further treatment. Methoxyethyl acrylate (MEA), 2-ethyl cyano acrylate (ECA, 99%, Tm 84–86 °C and azobisisobutyronitrile (AIBN) 97% were purchased from Aldrich Chemical Co. and used as-received. Super Glue, Loctite 401 (Henkel, Dusseldorf, Germany), was used as a control. All other chemicals and organic solvents of the highest purity available were obtained from commercial sources.




3.2. Syntheses


3.2.1. Synthesis of Dopamine Methacrylamide (DMA), DOPA Analog Monomer


For synthesis of dopamine methacrylamide (DMA), DOPA analog monomer, Messersmith’s method was employed with slight modification [32]. Sodium borate (20 g) and sodium bicarbonate (8 g) were dissolved in deionized water and bubbled with Ar. 10 g of dopamine-HCl (52.8 mmol) was then added, followed by the dropwise addition of 9.4 mL of methacrylate anhydride (58.1 mmol) in 100 mL of THF to keep the pH above 8 with addition of 1 M NaOH. The reaction mixture was stirred overnight at room temperature with Ar bubbling. The aqueous mixture was washed several times with 300 mL of ethyl acetate and then the pH of the aqueous solution was reduced to less than 2 and extracted with 100 mL of ethylacetate three times. The final three ethyl acetate layers were combined and dried over MgSO4 to reduce the volume to around 50 mL. Eight hundred mL of hexane was added with vigorous stirring and the suspension was kept in a refrigerator overnight. The product was recrystallized from cold n-hexane and dried to yield 8.8 g of grey solid.




3.2.2. Synthesis of Poly(dopamine methacrylamide-co-Methoxyethyl acrylate), [Poly(DMA-co-MEA)]


Polymer, p(DMA-co-MEA) was synthesized by free radical copolymerization of the DMA and MEA monomers by slight modification of published procedure [32] as shown in Scheme 1 and its molecular weight was analysed by size exclusion chromatography (Waters Technology). MEA was passed through a column packed with Al2O3 to remove inhibitor. 7.5 g of purified MEA (60 mmol), 17 g of DMA (74 mmol) and 120 mg of AIBN (0.71 mmol) were added to 70 mL of DMF in an airtight flask. The solution mixture was degassed through pump-freeze-thaw cycles three times. While sealed under vacuum, the solution was heated to 65 °C and stirred overnight. The reaction mixture was diluted with 250 mL of methanol and added to 500 mL of methyl ethyl ketone to precipitate the polymer. After precipitating in dichloromethane three times and drying in a vacuum desiccator, 11.2 g of brownish, sticky solid was obtained. Gel permeation chromatography in concert with multi-angle laser light scattering (Wyatt Technology), with mobile phase of 20 mM LiBr in DMF and Shodex-OH Pak columns: weight-average molecular mass 420 kDa, polydispersity 25.2. For control experiments, a catechol-free p(MEA) homopolymer (molecular mass (average) 5100 kDa, Scientific Polymer Products) was used.




3.2.3. Synthesis of Poly(dopamine methacrylamide-co-Methoxyethyl acrylate-co-2-ethyl cyano acrylate), [Poly(DMA-co-MEA-co-ECA), PDMC]


ECA, DMA and MEA were copolymerized in the monomer feed ratio 2:1:1 by free radical polymerization on the same way for poly DMA-co-MEA preparation as shown in Scheme 1. Cyanoacrylate was passed through an inhibitor-removing column to remove the polymerization inhibitor (monomethyl ether hydroquinone).



In a typical synthesis procedure, a mixture of 6.5 g of purified MEA (50.0 mmol), 11.1 g of DMA (50.0 mmol) and 12.5 g of ECA (100.0 mmol) were added to 100 mL of DMF in an airtight flask and 300 mg of AIBN was placed into a borosilicate glass vial covered with a sleeve rubber stopper and equipped with a gas inlet/outlet. The mixture was deoxygenated by nitrogen flow overnight at 10 °C and immersed in oil bath. The bath was heated from 10–60 °C and then kept at 60 °C for 48 h. Then, the vial was allowed to equilibrate at room temperature and the polymer was precipitated in chloroform. The polymer sample produced was dried under vacuum to constant weight.





3.3. Polymer Characterization Procedure


The polymers synthesized were characterized by FTIR, 1H-NMR and 13C-NMR spectroscopy analyses. NMR spectra of the polymers were obtained with a Varian NMR 300 model at a proton resonance frequency of 300 MHz on using CDCl3 as a solvent and tetramethylsilane (TMS) as an internal reference. Nicholet FT-IR spectrometer model 6700 was used to evaluate the extent of functional groups. For this purpose, 1 mg of polymer sample was mixed with 100 mg of KBr containing 1 wt percentage of KSCN. The main polymeric fraction, washed with chloroform, was dried under vacuum to constant weight and analyzed by gel-permeation chromatography (GPC) to determine average molecular weight of the prepared polymer. GPC analyses were run on a GPC Waters model 600 E in tetrahydrofuran (THF) on two Waters Ultrastyragel linear columns and in water on two Waters Ultrahydrogel linear columns by using a RI detector.



A drop shape analyser (DSA100S, Kruss, Hamburg, Germany) was used for measuring contact angles of the samples. In this static sessile drop method, a drop was deposited on a surface and the contact angle was measured by looking at the drop through a goniometer.




3.4. Preparation of Blends and Complex Coacervates


Blends of poly (DMA-co-MEA)/PEO-PPO-PEO, PDM/EPE or poly (DMA-co-MEA-co-ECA)/PEO-PPO-PEO, PDMC/EPE were prepared in 1:1 ratio each by dissolving the components in ethanol (50 vol %) at their required compositions. The mixtures were stirred for 1 day at room temperature and finally for 10 min at 60 °C, after which they were transparent. Calcium sulfate and Magnesium sulfate (0.5 wt % each) in DI water were added into the above each solution to get a complex coacervate. The compositions of complex coacervates are as Table 1.




3.5. Bone Adhesion Property Test


Stainless steel plates measuring 30 mm × 30 mm were used for shear test of the adhesives (Figure 13a). The plates were cleaned, polished, and glued together by applying a layer of ca. 15 mg of the adhesive to the polished face of the adherend. The adherends were tightly pressed for 30 s. The adherends were then allowed to hold for 24 h at ambient temperature. Bone test specimens were cut with a band saw from freshly sacrified bovine femur cortical bone, obtained from a local grocery store (Figure 13b). The shear modulus and strength at failure were measured with the bone specimen bonded while wet. The bone specimen was thoroughly wet by water before applying the adhesive. Bone samples were soaked in PBS buffer (20 mM Phosphate, 150 mM NaCl, pH 7.4) before bonding. The adhesives were prepared at pH 7.2 as using the sample specimens (CC-1, 2, 3, 4 and 5). Ascorbic acid was added at ratio of 1:5 to the polymers to prevent premature DOPA oxidation in the specimens. NaIO4 at a 1:2 molar ratio to DOPA side chains was evenly applied onto one face each of two wet bone specimens. A volume sufficient (0.2 g/cm2) to completely fill the space between bone interfaces of the test specimen was applied with a pipette. The two pieces of bone specimens were then pressed together, clamped, and immediately wrapped with PBS soaked gauze. All the bonded specimens were incubated in a sealed container containing soaked sponges to maintain sufficient humidity (100%) at 37 °C for at least 24 h. The stainless steel plates were fully submerged in a temperature-controlled water bath at 37 °C during the test (Figure 13a). Super Glue was used as a control. Control specimens were bonded with sufficient amount (0.2 g/cm2) of Super Glue in exactly the same manner. A commercial nonmedical grade cyanoacrylate was used because there are no hard tissue medical adhesives available for comparison. The shear mechanical tests were performed on a UTM (Autograph, Shimadzu Co., Tokyo, Japan) with a water jacket and a 1 kg load cell (Figure 13a). One piece of bone of a bonded pair was clamped laterally 1 mm from the bond interface. The other piece was pressed against a dull blade positioned 1 mm lateral to bond interface with a crosshead speed of 0.02 mm/s until failure. Mechanical bond testings were performed in the water jacket at 37 °C as mentioned previously. At least six specimens were tested for each condition. Errors are reported as the standard error of the mean.


Figure 13. Test of stress at break (a) and for shear modulus (b).
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4. Conclusions


In this study, it concluded that a UAP adhesive created by mimicking the mussel adhesive with a composition of synthetic DOPA-cyanoacrylate containing copolymers and divalent cations with PEO-PPO-PEO triblock copolymer was successfully prepared and characterized.



The sample, CC-4, in wet state gives 165 kPa in stress at break and 33 MPa in modulus which values are good enough for repair of wet living tissues and bones.



Complex coacervates could be an ideal state of matter in material for medical adhesives. Induced by a natural adhesive produced by a marine mussel, we have taken an alternative way to exploit adhesives for orthopedic surgery and the further development of medical applications through biomimetic chemical syntheses and their blending for coacervate complexes.







Author Contributions


Sueng Hwan Jo and Jeong Sun Sohn designed and performed research, analyzed the data, and wrote the manuscript. All authors read and approved the final manuscript.




Conflicts of Interest


The authors declare no conflict of interest.




References


	1. 
Kamino, K. Barnacle underwater attachment. Biol. Adhes. 2006, 145–166. [Google Scholar]

	2. 
Waite, J.H. Nature’s underwater adhesive specialist. Int. J. Adhes. Adhes. 1987, 7, 9–14. [Google Scholar] [CrossRef]

	3. 
Tay, F.R.; Pashley, D.H. Dental adhesives of the future. J. Adhes. Dent. 2002, 4, 91–103. [Google Scholar] [PubMed]

	4. 
Walker, G. The biochemical composition of the cement of two barnacle species, balanus hameri and balanus crenatus. J. Mar. Biol. Assoc. UK 1972, 52, 429–435. [Google Scholar] [CrossRef]

	5. 
Saroyan, J.; Lindner, E.; Dooley, C. Repair and reattachment in the balanidae as related to their cementing mechanism. Biol. Bull. 1970, 139, 333–350. [Google Scholar] [CrossRef]

	6. 
Kamino, K.; Inoue, K.; Maruyama, T.; Takamatsu, N.; Harayama, S.; Shizuri, Y. Barnacle cement proteins importance of disulfide bonds in their insolubility. J. Biol. Chem. 2000, 275, 27360–27365. [Google Scholar] [PubMed]

	7. 
Heiss, C.; Schnettler, R. Bioresorbable bone adhesives. Historical perspective and current status. Unfallchirurg 2005, 108, 348–355. [Google Scholar] [CrossRef] [PubMed]

	8. 
Wang, R.; Liang, Z.; Hall, M.; Söderhäll, K. A transglutaminase involved in the coagulation system of the freshwater crayfish, pacifastacus leniusculus. Tissue localisation and cDNA cloning. Fish Shellfish Immunol. 2001, 11, 623–637. [Google Scholar] [CrossRef]

	9. 
Barlow, D.; Dickinson, G.; Orihuela, B.; Rittschof, D.; Wahl, K. In situ ATR-FTIR characterization of primary cement interfaces of the barnacle Balanus amphitrite. Biofouling 2009, 25, 359–366. [Google Scholar] [CrossRef] [PubMed]

	10. 
Cheung, P.; Ruggieri, G.; Nigrelli, R. A new method for obtaining barnacle cement in the liquid state for polymerization studies. Mar. Biol. 1977, 43, 157–163. [Google Scholar] [CrossRef]

	11. 
Dickinson, G.H.; Vega, I.E.; Wahl, K.J. Barnacle cement: A polymerization model based on evolutionary concepts. J. Exp. Biol. 2009, 212, 3499–3510. [Google Scholar] [CrossRef] [PubMed]

	12. 
Dougherty, W.J. Carboxypeptidase activity of the zinc metalloprotease in the cement precursor secretion of the barnacle, chthamalus fragilis darwin. Comp. Biochem. Physiol. B: Biochem. Mol. Biol. 1997, 117, 565–570. [Google Scholar] [CrossRef]

	13. 
Lee, H.; Scherer, N.F.; Messersmith, P.B. Single-molecule mechanics of mussel adhesion. Proc. Natl. Acad. Sci. USA 2006, 103, 12999–13003. [Google Scholar] [CrossRef] [PubMed]

	14. 
Sedó, J.; Saiz-Poseu, J.; Busqué, F.; Ruiz-Molina, D. Catechol-based biomimetic functional materials. Adv. Mater. 2012, 25, 653–701. [Google Scholar] [CrossRef] [PubMed]

	15. 
Chung, H.; Grubbs, R.H. Rapidly cross-linkable DOPA containing terpolymer adhesives and PEG-based cross-linkers for biomedical applications. Macromolecules 2012, 45, 9666–9673. [Google Scholar] [CrossRef]

	16. 
Lee, B.P.; Huang, K.; Nunalee, F.N.; Shull, K.R.; Messersmith, P.B. Synthesis of 3,4-dihydroxyphenylalanine (DOPA) containing monomers and their co-polymerization with PEG-diacrylate to form hydrogels. J. Biomater. Sci. Polym. Ed. 2004, 15, 449–464. [Google Scholar] [CrossRef] [PubMed]

	17. 
Wei, W.; Yu, J.; Broomell, C.; Israelachvili, J.N.; Waite, J.H. Hydrophobic enhancement of dopa-mediated adhesion in a mussel foot protein. J. Am. Chem. Soc. 2012, 135, 377–383. [Google Scholar] [CrossRef] [PubMed]

	18. 
Burkett, J.R.; Wojtas, J.L.; Cloud, J.L.; Wilker, J.J. A method for measuring the adhesion strength of marine mussels. J. Adhes. 2009, 85, 601–615. [Google Scholar] [CrossRef]

	19. 
Conlan, S.L.; Mutton, R.J.; Aldred, N.; Clare, A.S. Evaluation of a fully automated method to measure the critical removal stress of adult barnacles. Biofouling 2008, 24, 471–481. [Google Scholar] [CrossRef] [PubMed]

	20. 
Chu, B.; Zhou, Z. Physical chemistry of polyoxyalkylene block copolymer surfactants. In Nonionic Surfactants: Polyoxyalkylene Block Copolymers; Nace, V.M., Ed.; Marcel Dekker: New York, NY, USA, 1996; Volume 60, p. 67. [Google Scholar]

	21. 
Van Meerbeek, B.; Inoue, S.; Pedigao, J. Enamel and Dentin Adhesion. In Fundamentals of Operative Dentistry, 2nd ed.; Summitt, J.B., Robbins, J.W., Schwartz, R.S., Eds.; Quintessence Publishing Co. Inc.: Hanover Park, IL, USA, 2001; pp. 178–235. [Google Scholar]

	22. 
Hillmyer, M.A.; Lipic, P.M.; Hajduk, D.A.; Almdal, K.; Bates, F.S. Self-assembly and polymerization of epoxy-resin amphiphilic block-copolymer nanocomposites. J. Am. Chem. Soc. 1997, 119, 2749–2750. [Google Scholar] [CrossRef]

	23. 
Lipic, P.M.; Bates, F.S.; Hillmyer, M.A. Nanostructured thermosets from self-assembled amphiphilic block copolymer/epoxy resin mixtures. J. Am. Chem. Soc. 1998, 120, 8963–8970. [Google Scholar] [CrossRef]

	24. 
Heiss, C.; Kraus, R.; Schlukerbier, D.; Stiller, A.C.; Wenisch, S.; Schnettler, R. Bone adhesives in trauma and orthopedic surgery. Eur. J. Trauma 2006, 2, 41–48. [Google Scholar]

	25. 
Shao, H.; Bachus, K.N.; Stewart, R.J. A water-borne adhesive modeled after the sandcastle glue of P. californica. Macromol. Biosci. 2009, 9, 464–471. [Google Scholar] [CrossRef] [PubMed]

	26. 
Sun, C.; Waite, J.H. Mapping chemical gradients within and along a fibrous structural tissue, mussel byssal threads. J. Biol. Chem. 2005, 280, 39332–39336. [Google Scholar] [CrossRef] [PubMed]

	27. 
Almgren, M.; Brown, W.; Hvidt, S. Self-aggregation and phase behavior of poly (ethylene oxide)-poly (propylene oxide)-poly (ethylene oxide) block copolymers in aqueous solution. Colloid Polym. Sci. 1995, 273, 2–15. [Google Scholar] [CrossRef]

	28. 
Alexandridis, P.; Alan Hatton, T. Poly (ethylene oxide)-poly (propylene oxide)-poly (ethylene oxide) block copolymer surfactants in aqueous solutions and at interfaces: Thermodynamics, structure, dynamics and modeling. Colloids Surf. A 1995, 96, 1–46. [Google Scholar] [CrossRef]

	29. 
Kabanov, A.V.; Alakhov, V.Y. Pluronic block copolymers in drug delivery: From micellar nanocontainers to biological response modifiers. Crit. Rev. Ther. Drug Carr. Syst. 2002, 19, 1–72. [Google Scholar] [CrossRef]

	30. 
Alexandridis, P.; Holzwarth, J.F.; Hatton, T.A. Micellization of poly(ethylene oxide)-poly (propylene oxide)-poly (ethylene oxide) triblock copolymers in aqueous solutions: Thermodynamics of copolymer association. Macromolecules 1994, 27, 2414–2425. [Google Scholar] [CrossRef]

	31. 
Wang, T.T.; Ryan, F.; Schonhorn, H. Effect of bonding defects on shear strength in tension of lap joints having brittle adhesives. J. Appl. Polym. Sci. 1972, 16, 1901–1909. [Google Scholar] [CrossRef]

	32. 
Lee, H.; Lee, B.P.; Messersmith, P.B. A reversible wet/dry adhesive inspired by mussels and geckos. Nature 2007, 448, 338–341. [Google Scholar] [CrossRef] [PubMed]






	
Sample Availability: Not available.







© 2014 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution license ( http://creativecommons.org/licenses/by/4.0/).







media/file8.jpg
0 ppm





media/file13.png
Heat tlow

0.3

0.2

0.1

0.0

first heating
second heating

50 100 150

Temperature (C)

200 250

300





media/file26.png





media/file27.jpg
t Load Cell

] ~ Bone Adhesive

|€— Specimen

L‘(sme

~= Bone Specimen

Water
arc

(a) (b)





media/file12.jpg
Heat flow

02

01

00

02

03

—— first heating
—— second heating

100

50

50 100 150

Temperature (C)

200 250 300





media/file18.jpg
Absorbance

0.40 §
0.38 4
0.36
0.34
032 4
030 §
0.28 §
0.26 §
0.24 §
022 §
020 §
0.18 §
0.16
0.4 §
0.12 §
0.10 §
0.08 §
0.06 4
0.04 §
0.2 §
0.00

4000

3500

3000

2500 2000 1500
Wavenumbers (cm™)

1000

500





media/file9.png





media/file14.jpg
20

70

&b

20

1.0

0.0 ppm





media/file20.jpg
Heat flow

0.0

05

50 100 150

Temperature (C)

200

250

300





media/file28.png
Bone Adhesive

~=~ Bone Specimen

(a)

e

nen

Load Cell
(— Specit
Glue
Water
37TC

(b)





media/file23.png
(b)





media/file5.png
Absorbance

1.00
0.95
0.90
0.85
0.80
0.75
0.70
0.65
0.60
0.55
0.50
0.45
0.40
0.35
0.30

4000

3500

3000

2500 2000 1500
-1
Wavenumbers (cm )

1000

500





media/file15.png
1.0

0

.0

ppm





media/file19.png
Absorbance

0.40 -
0.38 -
0.36 -
0.34 -
0.32 -
0.30 -
0.28 -
0.26 -
0.24 -
0.22 -
0.20 -
0.18 -
0.16 -
0.14 -
0.12 -
0.10 -
0.08 -
0.06 -
0.04 -
0.02 -

0'00-:‘M:"l""l""l""l""l""l""l

4000

3500

3000

2500 2000 1500
1
Wavenumbers (cm )

1000

500





media/file2.jpg
800 170.0 160.0 1500 1400 130.0 120.0 100 1000 90.0 800 700 600 50.0 400 300 200 100 00
et





nav.xhtml


  molecules-19-16779


  
    		
      molecules-19-16779
    


  




  





media/file11.png
Absorbance

0.21 -
0.20 -
0.19
0.18
0.17 <
0.16 -
0.15 <
0.14
0.13 <
0.12
0.11 -
0.10 -
0.09 -
0.08 -
0.07 -
0.06 -
0.05 -
0.04 -

4000

3500

3000

2500 2000 1500
-1
Wavenumbers (cm )

1000

500





media/file6.jpg
ECA

MEA

DMA





media/file1.png





media/file10.jpg
Absorbance

01
020
019
018
047
016
015
014
013
012
011
010
0.09
0.08
0.07
0.08
0.05
0.04

4000

3500

3000

2500 2000 1500
‘Wavenumbers (cm™)

1000

500





media/file7.png
ECA

MEA

DMA





media/file24.png





media/file16.jpg





media/file25.jpg
ECA

4+
8’ Cmee

“\MEA\
ol
—
MEA
-
e
E(l:A

i
H
M
OH
ECA----- Caf
l"
oH

/‘:

e





media/file3.png
- v - v ey b v b b T " adeiat o bt o L L e e o T o d - e i b L | -

80.0 170.0 160.0 150.0 140.0 130.0 120.0 110.0 100.0 90.0 80.0 70.0 60.0 50.0 40.0 30.0 20.0 10.0 0.0
ppm





media/file22.jpg
1 11

]
(a)

(b)





media/file17.png
SRS ISV WU N 1 ST

Al

U

L

180.0 170.0 160.0 150.0 140.0 130.0 120.0 110.0 100.0 90.0 80.0 70.0 60.0 50.0 40.0

30.0

20.0

10.0

0.0 ppm





media/file4.jpg
Absorbance

1.00
095
090
085
0.80
075
070
065
0.60
055
0.50
045
0.40
035
030

4000

3500

3000

2500 2000 1500
Wavenumbers (cm™)

1000

500





media/file0.jpg
ppm





media/file21.png
Heat flow

0.5

0.0

50 100 150

Temperature (TC)

200

250

300





