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Abstract 

 

Mussel enables surface independent wet adhesion with the secretion of mussel foot protein. Mussel 

foot protein contains a unique amino acid, Dopa, as the key of adhesion. Catechol functional group of 

Dopa introduces robust and durable adhesion properties, hence, catechol is attracted the intensive 

interest as a universal anchoring block for surface modification. The catechol-functionalized materials 

are applied for a wide range of applications such as biomedical, energy storage and environmental 

applications. In this regard, this thesis describes the synthesis of catechol-functionalized materials and 

the use of the materials for various applications. 

 This thesis divided into three part; (1) catechol-functionalized dental primer, (2) antifouling coating 

of catechol functionalized polymer (3) wet-adhesion of catechol-amine functionalized polymer. 

 In the first part, the catecholic primer with (meth)acrylate group was synthesized. The catecholic 

primers effectively crosslink the glass substrate and polymer-based resin matrix with a simple drop-

casting method. The composite resin containing the catecholic primers exhibited improved 

mechanical properties comparable with commercial silane primers. 

 The second part introduced catechol-functionalized block copolymer initiated by polyethylene glycol 

(PEG). The catechol anchoring block offers a binding ability to substrate while PEG shows 

antifouling effect. The antifouling effect according to the various composition and conformation was 

studied using quartz crystal microbalance. (QCM) and surface force apparatus (SFA). 

 Finally, the wet-adhesion of Dopa and lysine of mussel foot protein was translated to polyether 

system. The protected catechol and azide functionalized epoxide were synthesized and copolymer was 

prepared with different composition. The surface interaction of copolymers was investigated by SFA 

to reveal the synergistic adhesion of catechol and amine. 
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Chapter 1. Background and introduction  

 

1.1 Mussel foot protein 

 

Mussel is a marine organism which attaches to various surfaces under salty and wet environment. 

Mussel attaches to wetted surface using byssal threads, which is secreted under acidic condition and 

rapidly matured in water.1 Because wet-adhesion is still remains an issue for most synthetic adhesive, 

strong wet adhesion properties of mussel attracted much interest.2 Marine mussels secrete a various 

kinds of mussel foot proteins (Mfp) and form adhesive plaques to attach to a wide range of substrates. 

At least nine mfps have been identified from several species of mussel, and the sequence of amino 

acid of some Mfp was investigated.3,4 The unique feature of mussel protein is high content of a 

catecholic amino acid, 3,4-dihydroxyphenylalanine (Dopa), which is the result from posttranslational 

modification of tyrosine.5 The catechol functional group of Dopa offers the surface-independent and 

water-resistant adhesion properties which can be used as versatile flatform for surface modification. 

As shown in Figure 1.1, Mfps contain various amount of Dopa and they contribute to curing plaque 

or interfacial binding. Mfp-1 is a high molecular protein that compose the cuticle and serves to protect 

adhesive plaques from the external environment, whereas from Mfp-2 to Mfp-6 is located inside the 

plaques.3 Mfp-2 is abundant protein within the plaques and contains more cysteine residues (6 mol %) 

than other proteins.6 Mfp-4 contains high contents of histidine and achieve coupling with transition 

metal ion. It also distributed between the byssal thread and the adhesive plaques to linking plaque 

proteins. Mfp-3, 5, and 6 located in the area where the plaques interact with the surface, that is, the 

center of wet adhesion (Figure 1.2). Mfp-3 contains a large amount of glycine and asparagine and it 

can be categorized into Mfp-3f and Mfp-3s.7 Especially, Mfp-3f contains a high portion of Dopa (21 

mol%) and cationic amino acid. Mfp-3s, on the other hand, contain relatively low contents of Dopa 

(5-10 mol) and have a small charge of density. Mfp-3s can delay the oxidation of Dopa in seawater 

with basic pH, which renders the diverse chemistry with reduced catechol. Mfp-5 contains the highest 

portion of Dopa and cationic amino acids.3 Moreover, it contains post-translationally modified 

phosphoserine, which contributes interfacial binding with the calcareous mineral surface.8 While Mfp-

6 contains lower amount of Dopa, it contains 11 mol % of cysteine. The role of Mfp-6 is to link the 

interfacial protein and plaque protein. Moreover, the antioxidant thiolate protects Dopa of mfp-3 and 

mfp-5 from oxidation. 

Although each protein has a different amino acid content depending on its role and location, there is 

a common characteristic of Mfp is the presence of Dopa. Dopa is involved in various areas from 
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surface adhesion to curing. The catechol chemistry which renders this fascinating property is 

discussed in the following section. 

 

1.2. Catechol Chemistry 

 

The catechol functional group of Dopa offers the strong adhesion onto various surface or cohesion 

with catechol-containing adhesives. Therefore, the chemical structure and binding mechanism of 

catechol have been studied. As shown in Figure 1.3, catechol forms reversible non-covalent 

interaction or irreversible covalent interaction. 

 

1.2.1. Non-covalent interaction 

 

The aromatic ring of catechol form π-π stacking interaction which can be attributed to the cohesion 

with catechol-based materials and attached to the aromatic-rich surfaces such as polystyrene and 

gold.9 Moreover, the aromatic ring achieve cation-π interaction which enables binding to the charged 

surface and contributes to the cohesive interaction of functional materials which contains both 

cationic and aromatic moieties.10,11 The dihydroxyl functionality of catechol form hydrogen bond with 

mucosal tissue and hydroxyapatite surface.12,13 

The catechol can form a coordination bond with a metal ion (Ca2+, Cu2+, Fe3+, Mn3+, Ti4+) with 

various stoichiometry depending on the valency of metal ion and pH.14,15 The increment of pH enables 

the higher-order coordination (tris-complexes) which gives more stability. Therefore, the catechol-

metal coordination improves high extensibility, hardness, and self-healing property of mussel byssus 

cuticle.16 In addition to the metal ions, catechol form an interfacial bond with metal or metal oxide 

surfaces (Al2CO3, Fe3O4, SiO2) which can be utilized as a versatile surface modification agent.17 

Moreover, the catechol and boronic acid form a reversible catechol-boronate complex which is pH-

responsive.18 These pH-responsive, self-healing properties from non-covalent interaction of catechol 

have been employed to create self-healing hydrogel, hydrogel actuators, pH-responsive drug delivery 

system and mechanically improved polymeric fibers.19–22 
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1.2.2 Covalent interaction 

 

Catechol can be oxidized by basic pH, oxidizing agent (IO4-, H2O2) and enzyme (tyrosinase, 

peroxidase).23 The one-electron oxidation of catechol to the o-semiquinone radical and 

disproportionation reaction of two radical to o-quinone has been reported.24 o-Quinone is unstable 

intermediates and highly reactive in various organic species such as amine and thiol. The between o-

quinones and amines, such as Michael-type addition, Schiff base reaction, and Strecker degradation 

was shown in Figure 1.5a. The reaction mechanism of o-quinones and amine is determined by the 

structure of amine, such as Michael-type addition with aromatic amines and Schiff base reaction with 

aliphatic amines.25 

 In the case of Michael-type addition, amine attack quinone to form quinone-amine species. Even 

though the reaction mechanism is unclear, the existence of stable covalent dopa-N bond was 

revealed.26 The reaction rate of Michael addition is affected by pH, the structure of catechol functional 

group, and the basicity of amine. The reaction rate of Michael addition can be highly affected by pH, 

by adjusting the protonation state of amine. Therefore, the rate constant of Michael addition reaction 

increased with increasing pH. The structure of catechol moieties also affects the Michal addition 

reaction. The reaction constant of 4-methylcatechol is lower than catechol, due to the steric hindrance 

of the methyl group.27 Moreover, the high concentration of nucleophile accelerates the reaction rate, 

hence the aromatic amine undergoes Michael addition even at acidic pH.23 

Schiff base reaction is also a reaction between o-quinone and mine. Although the reaction 

mechanism is not fully understood, the product of the Schiff base reaction was identified. The reaction 

occurs faster under higher pH. It also affected by the aliphatic chain length of amine, because loner 

chain decreases the basicity of α-NH2, which enables the reaction performed at lower pH.28 

Especially in the case of dopamine where catechol and free amine exist at the same molecule, they 

can self-polymerized by intramolecular cyclization.29 Polydopamine, the polymeric form of dopamine 

can attach to various substrates and extensively studied for biomedical applications such as surface 

modification, antifouling coatings.30 Despite the extensive research using the versatility of 

polydopamine was performed, the challenge to reveal the molecular mechanism is still remained. As 

shown in Figure 1.5b, the polydopamine is composed of covalently bonded oligomers and physically 

assembled.31 
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Figure 1.1. (a) The structure of mussel byssus. (b) The distribution of mussel foot proteins in the byssal plaque. Reprinted 

with permission from ref32. Copyright 2012 Taylor & Francis Group. 

 

Figure 1.2. The amino acid sequence and composition of mussel foot protein in the adhesive plaque. Reprinted with 

permission from ref 33. Copyright 2017 Wiley. 
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Figure 1.3. The versatility of catechol-based chemistry (a-b) Reversible reduction/oxidation. (c) Coordination with metal ion. 

(d) pH-responsive catechol-boronate complex (e) π-π stacking with aromatic moieties (f) Coordination bonds with inorganic 

surface. (g) Cation-π interaction. (h, i) Hydrogen bonding. (j) Schiff base reaction (k) Michael-type addition with thiols (l, m) 

amine or other catechol (n) dimer. Reprinted with permission of ref34. Copyright 2019 MDPI 

 

Figure 1.4. Catechol-functionalized materials based on non-covalent interaction. (a) Self-healing hydrogel. Reprinted with 

permission from ref19. Copyright 2017 American Chemical Society (b) Hydrogel actuators. Reprinted with permission from 

ref 20. Copyright 2014 Wiley. (c) pH-Responsive drug delivery system. Reprinted with permission from ref21. Copyright 

2015 Wiley. (d) Mechanically improved polymeric fibers. Reprinted with permission from ref22. Copyright 2014 Royal 

Society of Chemistry. 
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Figure 1.5. (a) Covalent interaction of o-quinone and amine. Reprinted with permission from ref35. Copyright 2014 Royal 

Society of Chemistry. (b) Proposed progressive assembly for polydopamine coating. Reprinted with permission from ref31. 

Copyright 2018 Science. 
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1.3. Catechol incorporated polymer preparation 

 

Inspired by the versatility of the catechol moieties, catechol has been adapted to synthetic polymer 

system to develop strong wet adhesive properties and curing. There are three strategies to synthesis 

catechol incorporated polymer; direct functionalization of polymers with catechol-containing 

compound, polymerization of catechol-functionalized monomer, and polymerization using the 

catechol-functionalized initiator (Figure 1.6). 

The catechol functional group such as dopamine and eugenol can be conjugated to the polymer by 

forming amide, urethane, ester and thiol-ene chemistry.36,37 The strategy can be adapted to polymers 

with various architecture and functionality and the resulting polymers can obtain the binding ability of 

catechol functional group. Especially, the biopolymer which contains numerous reactive functional 

groups can be easily modified and employed for biomedical applications. Lee at al modified chitosan 

using catechol functional group.38 The chitosan-catechol rapidly interact with blood protein and 

exhibits hemostatic ability.  

Catechol containing initiator can be utilized to end-functionalization with binding ability. 

Hyperbranched polyglycerol synthesized using catechol functionalized initiator and adapted to surface 

modification of manganese oxide (MnO) nanoparticle.39 The hydrophilicity of polyglycerol enhances 

the water solubility and biocompatibility of MnO nanoparticle, render the potential as a contrast agent 

for MRI measurement. 

The catechol-functionalized polymer can be prepared using catechol-functionalized monomer, 

which enables a broad range of molecular weight, catechol contents. The most of catechol-

functionalized monomer based on the radical polymerization of a vinyl monomer. For example, Patil 

et al polymerized protected dopamine (meth)acrylamide monomers (ADA and ADMA) and 

polymerized with (methacryl)amide monomer with pendent PEG chain.40 The hydrophilic PEG chains 

effectively inhibited the protein adsorption while the catechol group immobilized the polymer on the 

substrate. 

The dopamine (meth)acrylamide monomer also copolymerized with 2-aminoethylmethacrylamide 

hydrochloride (AMEA) using free-radical polymerization.41 After deprotection of the polymer, the 

elevation of pH and addition of sodium periodate (NaIO4) induce the crosslinking of free amine and 

o-quinone using Schiff-base reaction and Michael-type addition. The polymer film, which comes from 

water-soluble precursor was stable and highly adhesive to a glass substrate. 
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Figure 1.6. Schematic illustration of the strategies for the synthesis of catechol incorporated polymers. Reprinted with 

permission from ref42. Copyright 2018 Elsevier 
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1.4. Applications of catechol-functionalized polymers 

 

1.4.1 Polymer adhesive 

 

Inspired by the adhesion ability of mussel-foot protein, catechol-functionalized polymers have been 

utilized as adhesives. The various catechol-functionalized polymers with different molecular weight 

and composition were applied to surface coating. 

The underwater adhesion is still challenging in synthetic adhesive system. To translate the wet-

adhesion ability of catechol, poly[(3,4-dihydroxystyrene)-co-styrene)] was synthesized.43 The 

adhesion strength was examined with various molecular weight and composition. The underwater 

bonding of poly[(3,4-dihydroxystyrene)-co-styrene)] was measured and adhesion strength exhibited 

outstanding property under wet and salty environment when it compared to commercial adhesives.  

In mussel adhesion, the coacervate formation of polyelectrolyte proteins forms dense fluid with low 

interfacial energy and reduced viscosity. The self-coacervation of mfp-3s was translated into a 

polymer system, and a series of the ampholytic copolymer was prepared to study the microphase 

behavior.44 The mfp-3s mimetic copolyacrylate reported the strong wet-cohesion, which surpass the 

cohesion of mussel foot proteins. 

 

1.4.2 Surface modification 

 

The catechol functional group has been introduced to a polymer system to anchor the functional 

polymer onto the surface.  

The antifouling polymer can be grafted to various surfaces and inhibit the adhesion of biomaterials, 

such as protein, cell, and marine organisms. The catechol moiety was functionalized at the chain end 

of poly(ethylene glycol) (PEG) using thiol-ene chemistry as anchoring blocks.45 The triblock 

copolymers form loop conformation, which enhances the antifouling property of PEG and lubrication. 

The poly-2-ethyl-2-oxazoline (PEOXA) with loop conformation and cyclic conformation was 

achieved using nitro catechol group.46 The cyclic conformation effectively improved the antifouling 

property rather than loop conformation, which deduce the potential for biomedical applications.  

Immobilization of biomolecules has also been explored for various biomedical applications. The 

copolymerization of polydopamine (PDA) and hexamethylenediamine (HD) gives cytocompatibility 

and tissue compatibility to the surface of 316L SS implants.47 The primary amine groups of the 

PDAM/HD coated surface enables the heparin conjugation with biological activity. 

One interesting use of catechol-functionalized polymer is a dental primer. The catechol-

functionalized polymer, poly(DMA-MEA) was prepared as a dental adhesive by free radical 
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polymerization of dopamine-methacrylate (DMA) and 2-methoxyethyl acrylate (MEA).48 This dental 

adhesive was successfully bonded onto the saliva contaminated dental surface. Additionally, Fe3+ 

additive reinforces the adhesion strength by formation of Fe-catechol complex. The Fe-catechol 

complex prevents the leakage of the bonding interface even in the presence of saliva, which exhibits 

potential as a dental primer. The bifunctional catechol primer molecule was also synthesized and 

compared with traditional silane-based primers.49,50 The bioinspired primer treated glass filler was 

adopted to the composite resin system and enhanced both of toughness and rigidity with a simple 

process. 

 

1.4.3 Hydrogel 

 

A significant amount of research has been achieved to prepare hydrogel, which is a highly hydrated 

three-dimensional polymer network. Due to the physical properties which are similar to human tissues, 

it offers potentials for biomedical applications.  

The pH-responsive smart adhesive hydrogel which form the adhesive polymeric network was 

synthesized using a catechol-boronate complex.51 The catechol-boronate complex is stable under 

neutral or basic pH, which gives a strong adhesion. The incorporation of anionic moiety requires a 

higher pH for complexation and enhance the binding property at a neutral or basic pH. 

Boronate ester, the result of the catechol-boronate complex is reversible with pH which offers the self-

healing properties to the hydrogel. The benzoxaborole-containing zwitterionic copolymer (poly(MPC-

st-MAABO) and catechol-containing zwitterionic copolymer (poly(MPC-st-DMA) were synthesized 

using free-radical polymerization.52 The hydrogel was crosslinked by benzoxaborole-catechol 

complexation and fast self-healing property and biocompatibility. 
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Figure 1.7. Biomedical applications of catechol-functionalized polymers (a) Wet adhesion of mussel and catechol-

functionalized polymer poly[(3,4-dimethoxystyrene)-co-(styrene)]. Reprinted with permission from ref43. Copyright 2017 

American Chemical Society. (b) Catechol-functionalized polymer loops for lubrication antifouling properties. Reprinted with 

permission from ref45. Copyright 2015 American Chemical Society. (c) Catechol-functionalized dental adhesive polymer. 

Reprinted with permission from ref48. Copyright 2015 American Chemical Society. (d) pH-responsive self-healing hydrogel 

using boronate ester. Reprinted with permission from ref52. Copyright 2018 American Chemical Society. 
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Chapter. 2. Bioinspired Catecholic Primers for Rigid and Ductile 

Dental Resin Composites 

 

2.1 Introduction  

 

Dental restoration is a treatment of the dental caries to restore the function, integrity and 

morphology of teeth.  Filling the missing parts of a tooth such as caries is the most common method 

of dental restoration. A variety of materials such as amalgam, glass ionomers, and resins have been 

used for dental restorations. Polymethacrylate (PMA) resin composites have been the most popular 

with several clinical advantages such as aesthetics, repairability, and versatility.  

PMA resins, however, have some issues in that they shrink during photoinitiated free radical 

polymerization and are much softer than human teeth. Therefore, dental PMA composites contain up 

to 80 wt% glass fillers to reduce the volume shrinkage during the curing of the resin composites and 

thereby avoid marginal leakage and secondary caries associated with interfacial adhesion failure 

between the tooth and resin composite,  as well as to increase the elastic modulus (rigidity) of the 

restoration.  Despite their popularity and clinical advances, several challenges remain for restorative 

resin composite materials, and the short lifetime of dental restorations (less than several years or 

months) causes the need for repeated-restoration treatments followed by a dental crown and eventual 

tooth loss. Therefore, demand for more durable and tougher restoration is high.  

Currently the most common approach to increasing the rigidity of polymer composites is to 

incorporate hard domains in the soft matrix; in dental composites, glass fillers are added to the PMA 

resin matrix due to their economical and esthetic advantages. However, in this state-of-the-art 

approach, an increase in hardness or rigidity often sacrifices their flexibility (strain at fracture), which 

leads to a decrease in toughness. For more durable dental restorations, tougher resin composites are 

required to reduce the risk of issues with restorations such as marginal adhesion failure, staining, 

sensitivity, recurrent caries, and catastrophic fracture.   In our previous paper, we presented strong 

adhesion of a bioinspired catecholic primer to various minerals and PMA composites.14 In this work, 

we have conducted further systematic studies in continuation of our endeavor in the development of 

practical dental applications.1 

In state-of-the-art dental resin composite technologies, surface modification of clean glass filler 

using a silane coupling agent is essential to increase the wetting of inorganic fillers and to provide a 

                                           

* Chapter 2 is reproduced in part with permission of “ACS Appl. Mater. Interfaces 2018, 10, 1520”. Copyright 2017 

American Chemical Society.  
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chemical bond between the dissimilar materials (e.g. glass and PMA resin).15-17 Without the surface 

treatment, the filler content cannot be higher than 30 wt% due to poor mixing. To date, silane-based 

primers (or silane coupling agents) have been the most popular and primarily used for inorganic fillers 

because they can bind covalently to various inorganic surfaces such as metal oxides and oxide 

minerals. However, only 10 to 20% of the chains of silanes chemically bind to the surfaces, and their 

hydrolytic stability still remains an issue for dental applications.   

Our approach to provide more durable bonding between glass and resin surfaces is inspired by the 

adhesion mechanism of marine mussels and mussel foot proteins (mfp’s).  One of the unique features 

of interfacial mfp’s - that mussels use as surface primer prior to applying their bulk mfp’s (Figure 2.1a) 

- is their high content of phenolic residues, especially 3,4-dihydroxyphenyl-L-alanine (DOPA) or 

catechol moieties. A majority of catechol functional residues exists in the interfacial mfp’s up to 30 

mol %, mussels use the catechol moieties as one of the key functional groups for surface adhesion.  

Despite extensive research on the use of catechol moieties for synthetic adhesives in the past decade, 

only a few studies have applied this catechol chemistry for surface priming.  For example, a recent 

report by Seo et al. demonstrated that mussel-inspired dynamic bonds can overcome the challenges 

associated with the current silane-based priming in a load-bearing polymer composite.  It proposed 

that catecholic primer can be an alternative to the conventional silane coupling agent which cannot 

bind to mineral surfaces without using toxic chemicals. 8 The previous study showed that the synthetic 

catecholic primers from eugenol (used in a traditional temporary dental restoration) can enhance the 

adhesion performance and mechanical properties.14 In contrast to the previous study using acrylic 

primers as potential alternative of silane primers, here we employ methacrylate primers, which is 

clinically and economically more viable than the acrylic primers, and optimize the priming process for 

practical dental applications. Coupling effect of the catechol-functionalized methacrylate primers via 

a simple dip-coating process was investigated for dental resin composite applications, and the results 

were compared to a conventional silane primer. In addition, the treatment conditions such as 

processing time, concentration, and shrinkage rate were carefully optimized. The standard knife shear 

and compression tests were also performed to evaluate the mechanical properties of the dental resin 

composites. Finally, the biocompatibility of the primed surfaces was studied via cell attachment assay. 
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Figure 2.1. (a) A schematic cartoon of mussel byssal threads, which are produced in the mussel foot to adhere to mineral 

substrates. (b) Synthetic pathways of catecholic primers (catechol acrylate primer (CAP) and catechol methacrylate primer 

(CMP)) derived from eugenol.  

 

 

Figure 2.2. 1H NMR spectra of (a) acrylate primer (CAP) and (b) methacrylate primer (CMP). 

 

 



19 

 

2.2. Materials and methods 

 

Reagents. 1.0 M of tetrabutylammonium fluoride (TBAF) solution in tetrahydrofuran (THF), 3-

(trimethoxysilyl) propyl acrylate, bisphenol A glycerolate dimethacrylate (Bis-GMA), triethylene 

glycol dimethacrylate (TEGDMA), 2-(dimethylamino)ethyl methacrylate (DMAEMA), and 

camphorquinone (CQ) were obtained from Sigma-Aldrich. Triethylsilane-protected eugenol acrylate 

and triethylsilane-protected eugenol methacrylate were provided by Osaka Organic Chemical Industry 

LTD (Japan). Polysiloxane-coated barium glass powder (0.7 m diameter) and bare barium glass 

powder were provided by Sukgyung AT (South Korea). Methanol, hexane, diethyl ether, and THF 

were purchased from Sigma Aldrich (USA). Glass slides (25 mm × 75 mm) were obtained from 

Fisher Scientific (USA). All chemicals were analytical reagent grade and used without purification 

unless otherwise indicated.  

 

Instruments. 1H NMR spectra were recorded at 298 K with a VNMRS 400 spectrometer operating 

at 400 MHz using CDCl3 and CD3OD. The surface morphologies of the primed surfaces were 

examined using an atomic force microscope (AFM, Dimension D3100, Veeco, USA). Contact angles 

were obtained using a contact angle analyzer (DSA 100, KRUSS, Germany). Cell attachment was 

observed using an inverted microscope (IX73, OLYMPUS, Japan). A Servo-hydraulic Universal 

Testing Machine (MTS 810, MTS System Corp., USA) was used for compressive fracture tests.  

 

Synthesis of catechol-functionalized primers. All reactions were carried out under argon unless 

otherwise noted. 3-(3,4-dihydroxyphenyl)-2-hydroxypropyl acrylate (catechol acrylate primer, CAP) 

was prepared by deprotection of triethylsilane-protected eugenol acrylate. ,  Triethylsilane-protected 

eugenol acrylate (0.30 g, 0.643 mmol, 1.0 equiv) was dissolved in 40 mL of dry THF. Subsequently, 

TBAF solution (0.516 mL, 0.8 equiv) was slowly added and stirred for 1 h at room temperature. The 

solvent was removed using a rotary evaporator and the crude material was purified using silica gel 

flash column chromatography with methanol to remove triethylfluorosilane. The product was further 

purified by silica gel flash column chromatography with hexane/ethyl acetate (1:1 v/v) to provide 121 

mg (79.3% yield) of slightly brownish liquid. The product purity was verified by 1H NMR. 1H NMR 

(600MHz, CDCl3): = 6.77 (d, 1H, Ar-H), 6.69 (d, 1H, Ar-H), 6.64 (q, 1H, Ar-H), 6.16 (d, 1H, -

CH=CH2), 6.17 (q, 1H, -CH=CH2), 5.86 (d, 1H, -CH=CH2), 4.24 (q, 1H, -CH2OOC-), 4.08 (q, 1H, -

CH2OOC-), 2.72 (m, 2H, -CH2CH(OH)-), 2.20 (d, 1H, -CH(OH)-), 1.03 (t, 18H, -Si-CH2CH3), 0.78 (q, 

12H, -Si-CH2CH3). 13C NMR (600 MHz, CDCl3): = 166.19, 146.76, 145.65, 131.19, 128.04, 122.15., 

121.66, 120.47, 70.77, 67.56, 39.31, 6.62, 5.07 ppm. ESI-MS, m/z = 489.25 [M+Na+]. The purity of 

the product is 95.8% by HPLC analysis. 
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3-(3,4-dihydroxyphenyl)-2-hydroxypropyl methacrylate (catechol methacrylate primer, CMP) was 

prepared by deprotection of triethylsilane-protected eugenol methacrylate. Triethylsilane-protected 

eugenol methacrylate (1.0 g, 2.080 mmol, 1.0 equiv) was dissolved in 40 mL of dry THF. After that, 

TBAF (1.664 mL, 0.8 equiv) was slowly added and stirred for 1 h at room temperature. The solvent 

was removed using a rotary evaporator and the crude material was purified using silica gel flash 

column chromatography with methanol to remove triethylfluorosilane. The product was further 

purified by silica gel flash column chromatography with hexane/ethyl acetate (1:1 v/v) to provide 211 

mg (40.0% yield) of light brownish liquid. The product purity was verified by 1H NMR. 1H NMR 

(600MHz, CDCl3): = 6.77 (d, 1H, Ar-H), 6.69 (d, 1H, Ar-H), 6.64 (q, 1H, Ar-H), 6.13 (d, 1H, -

CH2C(CH3)=CH2), 5.58 (d, 1H, -CH2C(CH3)=CH2), 4.22 (q, 1H, -CH2OOC-), 4.10 (q, 1H, -CH2OOC-

), 2.72 (m, 2H, -CH2CH(OH)-), 2.20 (d, 1H, -CH(OH)-), 1.95 (d, 3H, -C(CH3)=CH2), 1.03 (t, 18H, -

Si-CH2CH3), 0.78 (q, 12H, -Si-CH2CH3). 13C NMR (600 MHz, CDCl3): = 166.19, 146.76, 145.65, 

131.19, 128.04, 122.15., 121.66, 120.47, 70.77, 67.56, 39.31, 6.62, 5.07 ppm. ESI-MS, m/z = 503.26 

[M+Na+]. The purity of the product is 96.1 % by HPLC analysis. 

 

Static contact angle measurement. The static contact angles of water on the priming substrates 

were measured to analyze surface hydrophilicity. The glass substrates were cleaned prior to use and 

primer solutions (0.15 mg/mL) were spread over a glass surface and incubated for 5 min at room 

temperature. 10 μL of deionized water was dropped onto the substrate and all samples were analyzed 

in triplicate.  

 

Knife shear test. The adhesive ability of each primer was determined based on ISO 10477 and ISO 

11405 using a material testing system (MTS). Glass slides were cleaned using sonication in acetone 

prior to testing. The primer solutions at various concentrations were spread over glass surfaces and 

incubated for 5 min at room temperature. After that, the surfaces were naturally dried. A PMA 

monomer blend, composed of triethylene glycol dimethacrylate (TEGDMA) 49.5 wt%, bisphenol A 

glycerolate dimethacrylate (bis-GMA) 49.5 wt%, 2-dimethylaminoethyl methacrylate (DMAEMA) 

0.66 wt% and camphorquinone (CQ) 0.33 wt%, was filled into a gelatin capsule (size 4, Torpac Inc., 

USA) and placed upon the primer treated glass slide. The PMA monomer blend was cured for 3 min 

using a portable dental curing lamp (3M™, Elipar™ DeepCure-S LED Curing Light LY-A180, 430-

480 nm, 1,470 mW·cm-2). The adhesive stress was measured by the materials testing system and 

converted to knife shear adhesion in Pascals. Each experimental set was repeated at least 10 times (n 

= 10) and the average and standard deviation were calculated. 

 

Compression test. To prepare the surface treated glass fillers, 0.21 mg of CAP or CMP were 

dissolved in 10 mL of methanol and 5 g of bare glass fillers was added and stirred for 1 h at room 
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temperature. The solvent was evaporated using a rotary evaporator and dried under vacuum. During 

mixing of the fillers with the PMA resin blend (same as described in the previous section), the PMA 

monomer blend was placed on a 75 °C hot plate to reduce its viscosity, and dried glass fillers were 

added gradually at 70 wt%. The filler-PMA mixtures were filled into 8 mm cylindrical plastic molds 

and light-cured for 5 min. The top and bottom sides of the specimens were ground and polished for an 

accurate measurement, and the height and diameter of the samples were measured before testing. 

Composites with conventional silane grafted fillers were also made using the same method. The knife 

shear stress was measured based on ISO 6873 using materials testing system. Each experimental set 

was repeated at least 10 times (n = 10) and the average and standard deviation were calculated.  

 

Polymerization shrinkage test. Linear mold shrinkage was determined by comparing the length of 

resin composites after polymerization. The PMA monomer blend and filler-PMA blend mixture were 

filled into 15.85 mm cylindrical plastic molds and light-cured for 5 min. The heights of the specimens 

were measured after polymerization and the shrinkage rate was calculated.  

 

Cell attachment test. The cell adhesion test was performed using L929 mammalian fibroblast cells 

on the primer treated glass substrates (1 × 1 cm2). Each glass substrate was placed on a 24-well cell 

culture plate, sterilized by 70% ethanol solution, and UV irradiated for 30 min. After being 

equilibrated in phosphate-buffered saline (PBS) and media for 30 min, L929 cells were seeded onto 

the glass substrates at a density of 1 × 105 cells per substrate. The substrates were incubated for 24 h 

in 5% CO2 at 37 °C. After 24 h, the substrates were transferred to new culture plates and washed three 

times with PBS to remove any non-adherent cells. Three glass slides were prepared for each primer 

(silane, CAP, and CMP) and the number of live cells was counted from three random locations on 

each slide. The bare glass slide without any modification served as a control. 

 

Statistical Analysis. Knife shear test and compression test data were analyzed by a one-way 

ANOVA analysis with level of statistical significance (α = 0.05) using the software of Microsoft 

Excel 2016. In case of that statistical differences were found, all pairwise comparisons were 

performed using Tukey’s honest significant difference (HSD) test. The statistical evaluations were 

performed to determined significance differences on the 5% (α < 0.05). 
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2.3. Results and discussion  

 

2.3.1. Synthesis of catechol-functionalized primer 

 

Catechol can form a bidentate hydrogen bond to oxide mineral and metal surfaces.22 The binding 

lifetime of catechol’s bidentate hydrogen bonding is 106 times longer than monodentate hydrogen 

bonding, and thus provides stronger and more durable adhesion.30 The catecholic bifunctional 

monomers have been shown to form a uniform self-assembled monolayer whereas silane forms ill-

defined multilayer films.27 

Catecholic primers were synthesized from naturally abundant and commercially available 

eugenol,29 and the four-step synthesis is straightforward and inexpensive. Dihydroxyl groups were 

protected by triethylsilane during the synthesis due to the oxidation instability of catecholic moieties 

and removed by TBAF prior to surface priming (see the synthetic scheme shown in Figure 2.1b). The 

vinyl group of eugenols was epoxidized to provide a reaction site for acrylate or methacrylate via a 

nucleophilic SN2 reaction of methacrylic acid. The successful synthesis of two different catecholic 

primers functionalized with acrylate (CAP) and methacrylate (CMP) was confirmed by 1H NMR 

spectra (Figure 2.2). We hypothesized in this study that the difference between the methacrylate and 

acrylate end groups affects the bonding and mechanical performance of the primers due to their 

reactivity difference during free radical polymerization.31 

 

2.3.2. Surface morphology of primed surfaces 

 

To compare the adsorption of the primer molecules to a silica surface, the morphology of each 

surface before and after the primer treatments was investigated using AFM on a silicon wafer. Figure 

2.3a demonstrates that the height of molecular adsorption patches on the silica surfaces is less than 4 

nm, which does not exceed the contour length of single primer molecules. Once the successful 

adsorption of the primers on the surface was confirmed, the static water contact angle was also 

measured to characterize the wettability of each surface. As shown in Figure 2.3b, the contact angle of 

bare glass was 35.2 ± 1.2°, whereas the contact angle of the silane- and catechol-treated surfaces 

increased up to 62.1 ± 5.9° after the surface treatment. This significant increase in contact angle 

demonstrates the successful coating of primers and the increased hydrophobicity of the primed layer 

compared to the bare glass slide. 
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Figure 2.3. (a) Representative AFM images of bare silicon wafer and silane-, catechol acrylate (CAP)- and catechol 

methacrylate (CMP)-primed surfaces with corresponding line scan profiles. (b) Static contact angles of the bare and the 

primed glass substrates. 

 

Figure 2.4. (a) A photograph of the knife shear test and schematic representation of catecholic primer bridging (coupling) 

between glass and PMA resin. (b) Knife shear strength of methacrylate primer in various concentrations (0.07 − 10 mg/mL) 

and solvents (methanol and acetone). (c) Comparison of the knife shear strength of catecholic primers (concentration: 0.15 

mg/mL). Bars with the different letters are significantly different according to Turkey’s HSD. 
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Figure 2.5. Schematic of sample preparation for the knife shear test. 

 

 

 

 

Figure 2.6. Surface roughness in our terms of “RMS” consisted of square pyramid valleys of base area 1 nm2 and nm height 

denoted by “RMS”. Each square grid is a section of the total nanoparticle surface area, which is also denoted. To quantify 

surface roughness, we approximated “RMS” as a height of square pyramid valleys in the glass surface. Each catechol-

methacrylate molecule is assumed to occupy 1 nm2 on the substrate surface, for the hydrogen bonding employed by catechol 

creates a dynamic system that occupies space as such. Through stoichiometric calculations, we prepared solutions as follows: 

RMS 10 nm (0.07 mg/mL), RMS 20 nm (0.15 mg/mL), RMS 40 nm (0.30 mg/mL), RMS 100 nm (0.78 mg/mL), RMS 1200 

nm (10 mg/mL). 
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2.3.3. Knife shear test 

 

The knife shear bonding test is a common method for evaluating the bonding performance of dental 

resins.32 We carried out the knife shear stress test to evaluate the bonding performance related to 

possible crosslinking of the bifunctional primer at the interface between the glass and PMA resin, and 

also to optimize the treatment conditions. We primed the glass surface by drop-casting the primer 

solutions onto the glass substrate, and left the primers self-assemble and the solvent evaporate 

completely for 5 min at ambient condition (Figure 2.5). While the catechol moieties bind to the glass 

surface, the methacrylic end groups can face outwards during the self-assembly as similarly 

demonstrated in the molecular dynamic simulation in our previous study (see also the schematic 

representation in Figure 2.4a). Subsequently, the dental PMA resin was applied and cured over the 

surface. During the visible light curing, the methacrylic end groups are crosslinked with other 

methacrylic groups in the PMA resin blend. 

In our previous study, the self-assembly priming process involved multiple rinses to remove the 

excess primer molecules and drying steps prior to applying resins.14 For practical dental applications, 

an improved processing method is required because treatment time is critical to clinicians and patients 

in clinical situations. In addition, the effect of different reactivities between the acrylate groups of the 

polymerization was not studied in the previous work.23  

We aimed in this work to minimize the processing steps and to investigate the effect of methacrylic 

end groups in the catecholic primer as well. To enable the one-step priming process for practical 

dental applications, we reduced the concentration of the primer solutions to eliminate the rinsing and 

drying steps. For this, we assumed that each catecholic primer occupies 1.0 nm2 on the substrate 

surface based on the molecular dynamic simulation in the previous report.27 Based on this assumption, 

we estimated the concentration and amount of each solution to be applied per area, with the surface 

area calculated based on the root-mean-squared (RMS) roughness (Figure 2.6). According to this 

calculation, we prepared the primer solutions as follows: RMS 10 nm (0.07 mg/mL), RMS 20 nm 

(0.15 mg/mL), RMS 40 nm (0.30  mg/mL), RMS 100 nm (0.78 mg/mL), and RMS 1200 nm (10 

mg/mL). In addition, we prepared the primer solutions in two different solvents, i.e., acetone and 

methanol, to compare the effects of self-assemblies related to solubility and rapid drying via 

azeotropical removal of water molecules from the surface. Further, we prepared more practical dental 

PMA composites containing 70 wt% of glass fillers as in conventional dental PMA composites in 

comparison to the PMA composite containing 30 wt% of the fillers in the previous study.14 

The average shear strengths of the different concentrations are shown in Figure 2.4b. The 

concentration range 0.07 − 0.78 mg/mL exhibited similar knife shear strengths. However, the knife 

shear strength was doubled when compared to the pristine glass control, which indicates that the CMP 

enhances the shear bonding performance by chemical bridging or coupling between the glass substrate 
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and the PMA resin. In the case of a high concentration of primer solution (10 mg/mL), the maximum 

shear stress dropped to ~0.5 MPa, which is half that of the control experiment. This result suggests 

that the unbound inordinate catecholic molecules on the substrate interfere with the coupling of the 

PMA resin to the surface-bound primers. 

We also compared the shear strengths of CMP and CAP. Due to the reactivity difference between 

acrylate and methacrylate during the polymerization,31 we expected that it would affect the 

crosslinking of primers with PMA resin which, in turn, contributes to the difference in adhesion and 

shear bonding strength. However, as shown in Figure 2.4c, the knife shear bonding test results did not 

show a statistically significant difference. We speculate that surface adhesion of the catechol groups 

plays a more important role in the bonding performance than that arising from crosslinking between 

acrylate and methacrylate groups. 

 

2.3.4. Compressive test 

 

We extended our study to produce the actual dental restorative composite using the catecholic 

methacrylate primers compared to previously reported acrylate primers and silane coupling agents.14 

The mechanical properties of dental composites were determined by a compressive test using a 

material testing system (Figure 2.7a and 2.7b). In this study, we evaluated five different dental resin 

composites as follows: one without filler (no filler), one with bare glass filler (no primer), one with 

commercial silane-treated filler (silane), and two catecholic primer treated glass fillers (CAP and 

CMP). Figure 2.7 shows a representative stress-strain curve for each composite sample. The 

mechanical properties of each resin composite were also determined from the stress-strain curve 

(Figure 2.8). 

The key advantage of glass fillers is reducing polymerization-induced shrinkage of dental PMA resin 

composites, which is critical in practical situations because shrinkage is directly related to marginal 

leakage and secondary caries.8, 33 The high filler contents occupy the free volume of the composite 

resin to help reduce this shrinkage.34 The linear shrinkage of resin composites after the 

photopolymerization is shown in Table 2.1. As expected, the resin composite containing both catechol 

and silane priming fillers shows a 7-fold lower shrinkage rate (0.43%) compared to the no filler 

composite (3.12%). This significantly lower shrinkage of resin composite suggests a very close 

packing between catecholic priming filler and PMA resin, which is associated with better wetting and 

coupling effects between the dissimilar surfaces (filler and resin). 

Because the composite without the filler showed a too high shrinkage rate as well as a too low 

elastic modulus (less than 1.5 GPa) to be used for dental restorations, we further limit our discussion 
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only the composite containing fillers. In case of the no primer composite, as expected, the mechanical 

properties of the composite became worse due to the incongruities between glass filler and polymer 

resin. In a clear contrast, primer treated glass fillers demonstrated much higher elastic modulus and 

toughness compared to that of bare glass filler due to the efficient mixing of fillers with PMA resin. 

When the PMA resin composite containing primed fillers is compared to the resin composite without 

the primer, the mechanical properties of primed resin composite show up to 4.2 times the elastic 

modulus, 3.7 times the toughness, and 3.8 times the ultimate stress. However, the silane composite 

exhibited a decrease in strain-at-failure because high rigidity usually compromises extensibility or 

flexibility. As a result, an increase in the rigidity of the resin composites often compromises a reduce 

in the toughness. By the introduction of dynamic bonding at the interface between filler and resin 

surfaces, we have successfully diminished the trade-off, and catecholic surface primed glass filler-

containing composites exhibited high toughness while maintaining a high rigidity (~3 GPa). 

Interestingly, the stress-strain curve of catecholic primer treated composite (CAP and CMP) showed a 

ductility in contrast to the silane treated filler-containing composite (Silane in Figure 2.7c). As also 

shown in Figure 2.7b, the silane treated filler-containing resin composite was completely destroyed, 

whereas the catechol treated filler-containing composite withstood and maintained its structure for a 

much longer time and at higher load. We believe the origin of these tough mechanical properties of 

the catecholic primer is the presence of abundant sacrificial hydrogen bonds. In other words, the 

energy dissipation associated with the gradual bond breakage is the key difference from the reliance 

on covalent coupling present in the silane composite. As seen in the shear bonding test, both CAP and 

CMP composites exhibited statistically similar properties in the compression test. 

 

2.3.5. Cell attachment test 

To further assess the possibility of using catecholic priming surfaces for practical dental applications, 

we studied the cell attachment and viability of L929 fibroblasts on the priming surfaces. After 24 h of 

incubation, the morphology of the cells on the bare glass slide and priming surfaces was investigated 

as shown in Figure 2.9. All surfaces showed that a significant number of cells were attached to the 

surface and grew without noticeable changes in the cell morphology. These results indicate that the 

priming surfaces did not have any toxic effects on the fibroblast cells. Considering the high 

biocompatibilities of the primers developed in this study, we suggest that these catecholic primers can 

potentially be used in a real clinical setting. 
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Figure 2.7. Compression tests of dental composites. (a) A schematic representation of the compression test. (b) Images of 

the silane, CAP, and CMP composite samples during the compression test. (c) Representative stress-strain curves for the 

dental composites. (d) Elastic modulus and (e) ultimate stress (left), strain at failure (middle), and toughness (right) of all 

dental composites prepared. Bars with the different letters are significantly different according to Turkey’s HSD. 
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Figure 2.8. A stress-strain curve shows compressive stress (σ in MPa) of a material responding to displacement (strain, ε 

in %). A slope of elastic region (elastic modulus, yellow), the cross-sectional area under the stress-strain curve (toughness, 

red), highest stress withheld by the specimen (ultimate strength, green) and strain at complete breakage (strain at failure, blue) 

were calculated. 

 

Table 2.1. Polymerization-induced shrinkage of resin composites 

No Filler With Filler 

Trial L (mm) L0-L (mm) Shrinkage Trial L (mm) L0-L (mm) Shrinkage 

1 15.37 0.48 3.03 1 15.78 0.07 0.44 

2 15.34 0.51 3.22 2 15.79 0.06 0.38 

3 15.36 0.49 3.09 3 15.79 0.06 0.38 

4 15.35 0.50 3.15 4 15.77 0.08 0.50 

5 15.36 0.49 3.09 5 15.78 0.07 0.44 

Ave. 15.36 0.49 3.12 Ave. 15.78 0.07 0.43 

Std. 0.01 0.01 0.07 Std. 0.01 0.01 0.05 

 

Shrinkage of dental composites were measured by comparison the length of resin composites after 

polymerization. 

L0 = Length of cylindrical plastic mold, 15.85 mm 

L = Length of resin composite after polymerization 

Linear shrinkage = 
𝐿0−𝐿

𝐿0
 × 100 
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Figure 2.9. (a) Optical microscopy images of L929 cells seeded on the priming surfaces using various primer solutions for 

24 h (conc. 0.15 mg/mL). (b) Relative cell viability on the priming surfaces. The cell viability of the control group was 

normalized to 100%.  
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2.4. Conclusion  

In summary, catechol functionalized methacrylate primer (catechol-spacer-methacrylate) was 

developed for dental resin composites. In addition, we reduced the processing time and steps for the 

sake of clinical, industrial, and environmental viabilities. The synthesis of the primers was 

characterized by 1H NMR and GC/MS, and the adsorption of the primers onto SiO2 surfaces such as 

silicon wafer and glass substrates was confirmed by AFM and contact angle measurements. Catechol 

moieties can bind to the surface during their self-assembly, while methacrylate groups crosslink with 

dental polymethacrylate resin. These bifunctional molecules enhanced the binding of glass filler and 

polymeric resin matrix as a coupling agent, which in turn improved the mechanical performance of 

the dental PMA resin composite. Despite the difference between the chain end groups of CAP and 

CMP regarding their different reactivities, their mechanical performance was similar in dental resin. 

Both catecholic primers CAP and CMP show higher toughness compared to the conventional silane-

based primers with similarly high rigidity and low shrinkage rate. In addition, the excellent 

biocompatibility of the primed surfaces clearly demonstrated their significant potential for dental and 

biomedical applications.  
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Chapter 3. Bioinspired Bifunctional Block-Copolymers with 

superior antifouling properties 

 

3.1. Introduction 

 

Biofouling is known as the accumulation of undesired biomolecules and organisms on wetted 

surfaces, which poses significant challenges in a wide range of applications from biomedical implants 

to industrial and transport industry.1–3 While the use of biocides is the most popular method for 

effectively inhibiting the accumulation of marine organisms, the toxic chemical or heavy metals 

present in the biocides raises considerable threat to marine environments. Therefore, improving the 

antifouling properties of surfaces becomes crucial to reduce the chance of life-threatening incidents 

and the cost of operation without harming the environment. Consequently, biocompatible polymers 

have been introduced as non-toxic antifouling materials, including poly(ethylene glycol),4,5 

polyalkyloxazoline,6,7 polyacrylate,8,9 poly(2-hydroxyethyl methacrylate),10 and polyacrylamide.11 

Among them, PEG is widely used due to its high aqueous solubility, chain flexibility, and 

biocompatibility which offers antifouling and lubrication property via steric repulsion and surface 

hydration.12,13 

However, due to this unique antifouling behavior of PEG itself, immobilization of PEG onto the 

target surfaces has posed a significant challenge. To date, these issues were primarily addressed by 

surface-specific modifications, including thiol for gold surface14 and silanization.15 Alternatively, a 

universal surface coating strategy based on catechol moiety adapted from mussel adhesive proteins 

can provide a versatile adhesive property independent of the type of the surfaces. This versatility has 

been widely exploited in various applications, such as adhesives,16,17 hydrogels,18,19 surface 

primers,20,21 nanoparticle modification agents,22,23 and sensors.24 Along the same line, the 

immobilization of PEG to the surface using catechol moiety has been suggested in different formats 

including terminal group modification,25,26 grafting with catechol functional group,27,28 and catechol 

functionalized monomer as adopted to PEG as a macroinitiator.29,30 Among these strategies, catechol 

functionalized monomer offers an accessibility to control the molecular weight, catechol contents, and 

location in the polymer. However, most of the previous approaches have exploited the use of rigid and 

hydrophobic catechol functional moiety to the flexible hydrophilic PEG backbone, which inevitably 

induces the segregation of the catechol functional groups. 

Recently, ABA-type triblock copolymer forming a loop conformation is actively studied as 

advanced coating material for antifouling surface due to its large excluded volume and strong steric 
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hindrance. Unlike the traditional AB-type diblock copolymers forming brush conformation, it 

displayed enhanced antifouling and lubrication properties.27,31,32 Despite the successful early examples, 

the effects of the polymer composition and structure were rarely investigated, even though the length 

of the catechol units are known to affect the interaction with the surface and surface coating 

densities.33 Thus, we study herein the antifouling properties of loop-like PEG-based triblock 

copolyethers functionalized with catechol moiety within a framework of polyethers exclusively. For 

that purpose, we introduce a catechol-based epoxide monomer34,35 into the hydrophilic PEG as the 

multiple anchoring point to fully realize the antifouling properties. The anchoring of the polymers on 

the surface was investigated by atomic force microscopy (AFM) and static contact angle measurement. 

The molecular-level interaction and antifouling properties of polymer coated surface are carefully 

evaluated using SFA and QCM-D using model protein. Finally, further antifouling properties was 

determined via cell attachment assay. 

 

3.2. Materials and methods  

 

Reagents. p-toluene sulfonic acid monohydrate (p-TsOH), lithium aluminum hydride (LiAlH4), 

epichlorohydrin (ECH), tetrabutylammonium bromide (TBAB), phosphazene base t-Bu-P4 solution 

(0.8 M in hexane), bovine serum albumin (BSA), and toluene were purchased from Sigma-Aldrich. 3, 

4-Dihydroxyhydrocinnamic acid (C-COOH), 2, 2-dimethoxypropane (DMP), anhydrous methanol, 

aluminum oxide, poly(ethylene glycol) (PEG), and poly(ethylene glycol) monomethyl ether (mPEG) 

were purchased from Alfa-Aesar. Diethyl ether and 50% sodium hydroxide aqueous solution were 

obtained from Daejung. Ethyl acetate, hexane, and methanol were purchased from SK chemical. All 

deuterated NMR solvents such as CDCl3 and D2O were obtained from Cambridge Isotope 

Laboratories. All chemicals were analytical reagents grade and used without purification unless 

otherwise indicated. 

 

Instruments. 1H NMR spectra were recorded at 298 K with VNMRS 400 spectrometer operating at 

400 MHz using CDCl3 and D2O solvents. All NMR spectra were measured using tetramethylsilane 

(TMS) as an internal standard in the NMR solvents. SEC measurement was performed using Agilent 

1200 series with DMF at 40 °C with a flow rate of 1.0 mL/min using a refractive index (RI) detector. 

Standard PEG samples (Agilent) were used for calibration to decide the number- and weight-averaged 

molecular weight (Mn and Mw). Matrix-assisted laser desorption and ionization time-of-flight 

(MALDI-TOF) mass spectrometry were performed using and Ultraflex III MALDI mass spectrometer. 

Thermogravimetric analysis (TGA) was performed on a TGA Q50 analyzer (TA instruments). The 

surface morphologies of the priming surface were examined by an atomic force microscope (AFM, 
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NX-10, Park Systems, Korea). The contact angle was obtained using a Phoenix 300 goniometer 

(Surface Electro Optics Co. Ltd.) The surface interaction was studied using SFA 2000 (Surforce LLC, 

Santa Barbara, CA, USA). The real-time adsorption of polymer and protein was measured by a Q-

sense E4 system (Biolin Scientific, Sweden). Cell attachment on the polymer coated surface was 

observed using an inverted microscope (IX73, OLYMPUS). 

 

3.2.1. Synthesis of catechol-functionalized monomer  

 

Acetonide protection of 3,4-dihydroxyhydrocinnamic acid. The protection of 3,4-

dihydroxyhydrocinnamic acid using acetonide group was carried out by the literature procedure.23 

Due to the oxidation instability of catecholic moieties, dihydroxyl groups were protected by acetonide 

which shows high stability under basic condition during polymerization. 3,4-dihydroxyhydrocinnamic 

acid (10 g, 54.9 mmol, 1 equiv) and p-toluenesulfonic acid monohydrate (377 mg, 2.0 mmol, 0.04 

equiv) were dissolved in 300 mL of anhydrous toluene. After equipped with a Soxhlet extractor filled 

with CaCl2 and reflux condenser, the reaction solution was stirred under nitrogen atmosphere. 2,2-

dimethoxypropane (17.1 mL, 139.6 mmol, 2.5 equiv) was injected dropwise and refluxed overnight. 

The solvent of the resulting mixture was removed using a rotary evaporator to yield a yellow liquid. 

The crude product was purified by silica gel column chromatography with an ethyl acetate: hexane 

(1:4, v/v) eluent to obtain catechol-acetonide carboxylic acid (CA-COOH) as a pale yellow solid. 

Yield: 64%. The product was dried in vacuum and characterized by 1H NMR measurement. 1H NMR 

(400 MHz, CDCl3): δ [ppm] 6.60 – 6.49 (m, 3H), 2.79 (t, 2H), 2.56 (t, 2H), 1.58 (s, 6H). 

 

Synthesis of catechol-acetonide OH (CA-OH). The reduction of CA-COOH was carried out by the 

literature procedure.23 Diethyl ether was dried by sodium sulfate before use. Lithium aluminum 

hydride (2.39 g, 63.0 mmol, 2 equiv) in 40 mL of diethyl ether was stirred under an argon atmosphere. 

After that, CA-COOH (7 g, 31.5 mmol, 1 equiv) dissolved in 40 mL of diethyl ether was added 

dropwise and the reaction mixture was stirred for 3 h at room temperature. When the reaction is 

complete, unreacted lithium aluminum hydride was quenched carefully using methanol and water. 

Aluminum hydroxide was removed by filtration and the resulting mixture was washed 3 times with 

water and the remaining water was removed by sodium sulfate. The excess solvents were removed 

using a rotary evaporator to obtain a yellow oily product. The crude product was purified using silica 

gel column chromatography with an ethyl acetate/hexane (1:4 v/v) eluent to obtain pure CA-OH. 

Yield: 78.5%. 1H NMR (400 MHz, CDCl3): δ [ppm] 6.59-6.48 (m, 3H), 3.59 (t, 2H), 2.53 (t, 2H), 1.80 

(m, 2H), 1.58 (s, 6H). 
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Synthesis of acetonide protected catechol bearing epoxide monomer.36 A mixture of 50% 

aqueous NaOH (80 mL, 1.00 mol, 16 equiv), epichlorohydrin (23.3 g, 251.8 mmol, 4 equiv) and 

tetrabutylammonium bromide (1.01 g, 3.14 mmol, 0.05 equiv) was stirred vigorously at 0 °C. 2,2-

dimethyl-1,3-benzodioxole-5-propanol23 (13.11 g, 62.9 mmol, 1 equiv) was slowly added and stirred 

overnight. The excess amount of water was added to dilutee reaction mixture and extracted with 

diethyl ether. The organic phase was dried with MgSO4 and evaporated to obtain a pale-yellow oily 

product. The crude product was purified using silica gel column chromatography with an ethyl 

acetate/hexane (1:4 v/v) eluent to obtain CAG. CAG was distilled before polymerization to give a 

pure product. Yield: 81.6%. 1H NMR (400 MHz, CDCl3): δ [ppm] 6.59 – 6.47 (m, 3H), 3.63 (dd, J = 

11.5, 3.1 Hz, 1H), 3.42 (qt, J = 9.3, 6.4 Hz, 2H), 3.31 (dd, J = 11.5, 5.8 Hz, 1H), 3.08 (td, J = 6.2, 3.3 

Hz, 1H), 2.72 (t, J = 4.6 Hz, 1H), 2.57 – 2.48 (m, 3H), 1.85 – 1.63 (m, J = 13.3, 6.5 Hz, 2H), 1.58 (s, 

6H).13C NMR (150 MHz, CDCl3) 150.05, 148.15, 137.59, 128.38, 120.11, 111.28, 110.70, 74.20, 

73.19, 53.55, 46.99, 34.73, 34.16, and 28.37. 

 

3.2.2. Synthesis and characterization of catechol-functionalized polymer 

 

Synthesis of PCAG-b-PEG-b-PCAG triblock copolymers (ABA-type loop polymers). A series of 

a protected catechol-functionalized polymer was synthesized by anionic ring-opening polymerization 

with altering the mole ratio of CAG and molecular weight of PEG. Exemplified for *L10K-10. PEG 

(1 g, MW 10,000, 0.1 mmol, 1 equiv) was added to a flask and dried at 100 °C for 3 h. After cooling 

the flask to room temperature, it was purged with nitrogen and 0.3 mL of toluene was added into the 

flask and heated up to 60 °C. Phosphazene base, t-Bu-P4 (0.25 mL, 0.2 mmol, 2 equiv) was added to 

the reaction mixture and stirred for 30 min. CAG monomer (0.528 g, 2 mmol) was slowly added and 

stirred overnight. The polymerization was quenched with the addition of benzoic acid and the 

resulting polymer was passed through a pad of alumina with THF. The solution was precipitated into 

excess cold diethyl ether and hexane to give PCAG-b-PEG-b-PCAG. Degree of polymerization was 

calculated from NMR data using the following equation: Number of repeating units (CAG) = [226.96 

(number of repeating units for PEG macroinitiator) * 4 (number of protons of PEG)] / [29.9 

(integration value) * 2 – 7 (number of protons of CAG)]. Mn = 264.32 (molecular weight of CAG) * 

17.19 (number of CAG repeating units) + 10,000 (molecular weight of PEG) = 14,543.66 g/mol. 

 

Removal of acetonide group. Protected block copolymer 100 mg was stirred in 0.8 mL of hydrogen 

chloride solution (32%) and 9.2 mL of methanol at 40 °C. The mixture was stirred under open batch 

to remove acetone from the reaction. After 3 h, the excess solvent was evaporated using the rotary 
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evaporator and the residual water removed by sodium sulfate. The concentrated product was 

precipitated into cold diethyl ether. Yields: quantitative.  

 

Thermogravimetric analysis (TGA). The thermal stability of the polymer was measured by TGA. 

The measurement was conducted on a TG50 under nitrogen atmosphere within the temperature range 

25 – 500 °C at a heating rate of 10 °C/min.  

 

Differential scanning calorimeter (DSC). DSC was carried out under a nitrogen atmosphere in the 

temperature range of −80 °C to 65 °C and at a heating rate of 10 K min−1 (Q200 model, TA 

Instruments).  

 

3.2.3. Surface modification characterization 

 

Static contact angle measurement. The static contact angles of water droplet on the polymer 

coated substrates were measured to analyze surface modification. A variety of substrates (SiO2, 

polystyrene (PS), poly(ether ether ketone) (PEEK), acrylate, poly(ethylene terephthalate) (PET), TiO2, 

Au, and glass) were cleaned prior to use and incubated for 1 h in 10 mg/mL polymer solution in 

methanol at room temperature. Next, each substrate was washed 3 times with methanol and dried with 

nitrogen. All samples were analyzed at least five times to obtain accurate result and the average value 

with the standard deviation as an error range was reported. 

 

3.2.4. Antifouling test using model protein 

 

Interaction force measurements between the polymer coated surfaces using an SFA. The 

surface forces apparatus 2000 (Surforce LLC, Santa Barbara, CA, USA) system was used to measure 

the interaction forces between polymer coated surfaces. The interaction forces were measured with 

two sets of symmetric polymer loop and brush, respectively. To prepare polymer coated surfaces, a 

freshly cleaved back-silvered mica (Grade #1, S&J Trading, Floral Park, NY, USA) was glued on to a 

cylindrical glass disk using an optical adhesive (NOA 81, Norland Products, Inc. Cranbury, NJ, USA). 

Then each polymer solution (10 mg/mL in methanol) was dropped onto the mica surfaces for 10 min 

and washed clearly with methanol to remove unbound molecules. The polymer coated surfaces were 

transferred into the SFA chamber with a crossed cylinder geometry and 50 µL of the corresponding 

buffer was injected between two opposing surfaces. And the system was equilibrated for 1 h. The two 

surfaces were approached by a motor which is connected to the lower surface, to reach a steric wall 

distance (Dsw) and separated. The interaction forces were measured to investigate the protein 
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adsorption onto polymer coated surfaces under different intervening buffers followed by (i) 10 mM 

phosphate-buffered saline (PBS), (ii) bovine serum albumin (BSA) solution (1 mg/mL in 10 mM 

PBS), (iii) BSA solution (after 1 h waiting), and (iv) 10 mM PBS. The surfaces were thoroughly 

rinsed with DI water before the force measurement in final, (iv) 10 mM PBS. The adhesion forces (Fad) 

were determined as a function of the distance (D), which corresponds to the absolute distance between 

two opposing surfaces and the deflection of the double cantilever spring (k = 1225.8 N/m in this 

system) using a multiple beam interferometry. All force measurements were repeated at least three 

times and different contact points at each buffer to confirm their reproducibility. 

 

Polymer and protein adsorption test using QCM-D. Real-time surface adsorption were measured 

using gold coated sensor (QSX 301). The gold sensor in a standard Q-sense flow module was 

equilibrated using 1X PBS buffer before polymer injection. The flow rate was 600 μL/min and 

temperature were controlled at 25 °C for all the experiments. The Voigt model was adopted to 

calculate the mass of viscoelastic layers with Qtools software (Q-Sense, Sweden). The density of the 

adsorbed BSA layer was presumed to be 1200 kg/m3, the fluid density 1000 kg/m3, and the fluid 

viscosity 0.001 kg/ms. 

 

 Polymer grafting density measurement using QCM. The mass of polymer layer in the dry state 

was measured by a quartz crystal microbalance (Stanford Research System, QCM200). Each polymer 

solution (10 mg/mL in methanol) was dropped onto the chip and rinsed with methanol after 10 min to 

remove unbound molecules. The frequency shift after surface coating was measured and dry mass of 

polymer layer was calculated using Sauerbrey equation, ΔF = -Cf * Δm, where ΔF is time resolved 

changes in resonance frequency, Cf is the sensitivity factor for crystal, and Δm is the mass difference. 

The grafting density σ was calculated applying the equation σ = mNA/Mn, where NA is the Avogadro 

number, and Mn is the number-average molecular weight of polymer.  

 

3.2.5. Cell attachment test 

 

The L929 mammalian fibroblast cell was used in the cell attachment test. Each glass substrate (1 × 1 

cm2) was placed on the 24-well cell culture plate and exposed to UV irradiation for 30 min and 

washed 3 times using 70% ethanol for sterilization. After equilibration with 1X PBS and RPMI media 

for 30 min, L929 cells were seeded in the cell culture plate which contain the polymer coated 

substrates at a density of 1 × 105 cells per substrate. The cell culture plate were incubated for 24 h in 5% 

CO2 at 37 °C. After 24 h, the glass substrates were washed three times with 1X PBS to remove any 

non-adherent cells and transferred to new cell culture plates, and examined by optical microscopy. 
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The bare glass substrate was used as a control group. 

 

3.3. Results and discussion 

 

3.3.1 Polymerization 

 

The synthesis of CAG and PEG-initiated block copolymer was achieved as the method described in 

the Experimental method. The successful synthesis of CAG was confirmed via NMR (Figure 3.1-4). 

After the synthesis of CAG, catechol-functionalized triblock copolymers were synthesized by AROP 

using PEG as a macroinitiator. The use of conventional CsOH base resulted in a low conversion due 

to the steric effect of bulky side group in CAG monomer. Moreover, the increased reaction 

temperature resulted in the degradation of the acetonide protecting groups during the polymerization 

(Figure 3.5 and Table 3.1). Thus, we employed the metal-free phosphazene base which exhibits  a 

high basicity and low nucleophilicity that runs the polymerization of CAG monomer at a mild 

temperature.37 As shown in Figure 3.6, the representative 1H NMR spectra of the triblock copolymer 

showed the peaks corresponding to aromatic ring (6.91-6.51 ppm) and carbon chain (2.55 ppm and 

1.82 ppm) of catechol moieties and polyether backbone and PEG segment (4.04-3.24 ppm). Moreover, 

the acetonide protection was stable under polymerization (1.66 ppm). As a control, diblock 

copolymers with a brush conformation were also synthesized by AROP using methoxy-PEG (mPEG) 

as an initiator using the identical method. 

The characterizations of the synthesized polymers were listed in Table 3.2. Due to the 

hydrophobicity of catechol block, the molecular weight measured by size exclusion chromatography 

(SEC) was relatively smaller than that measured in 1H NMR. However, the increased molecular 

weight upon polymerization with a narrow distribution demonstrated the successful synthesis of the 

catechol-functionalized block copolymers (Figure 3.7). Since the molecular weight of CAG is six 

times of ethylene oxide which is the monomer of PEG, it is hard to distinguish the presence of CAG 

in the triblock copolymers under the MALDI-MS spectra (Figure 3.8). Alternatively, CAG 

homopolymer synthesized under the identical reaction condition revealed the successful synthesis of 

homopolymer of CAG with the spacing of the signals corresponds to the mass of the respective 

monomer as confirmed. The incorporation of catechol moieties in the polymer was also confirmed by 

thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) (Figure 3.9). Bare 

PEG, *L10K-5, *L10K-10, and CAG homopolymer (PCAG20) was stable up to 300 °C. The weight 

percentage of the residue after thermal decomposition at 500 °C was 2.0%, 4.3%, 6.9%, and 15.2% 

respectively. The residue weight was increase according to the content of CAG due to the higher 
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thermal stability of catechol moieties. In DSC spectrum, the catechol-functionalized block copolymers 

show only one glass transition temperature (Tg) due to the comparatively small length of catechol 

block. Tg increased according to the amount of catechol content due to the rigidity of side chain. 

These results demonstrate that the catechol moieties were successfully incorporated into the block 

copolymer.  

After the polymerization, the acetonide protecting group was removed by acidic treatment to reveal 

the free catechol functional groups. The deprotection was monitored by the disappearance of the 

methyl protons at 1.58 ppm in the 1H NMR spectrum, while PEG midblock did not show any 

indication of degradation (Figure 3.1b and Figure 3.10). Moreover, the deprotected polymer, for 

example, L10K-10 displayed a rapid oxidation of catechol in pH 8.5 buffer within 12 h, again 

indicating the existence of free catechol group (Figure 3.11). 

 

3.3.2. Surface characterizations 

 

By using a simple dipping method, catechol block of each copolymer induced the adsorption of 

polymers on the substrate. AFM image was collected to study morphology and the nanostructure of 

polymer coated surfaces. Both loop and brush copolymers were successfully deposited on the silicon 

wafer, while protected polymer (i.e. *L10K-10) was rinsed out, revealing the critical role of the free 

catechol moiety for the substrate anchoring of the polymers (Figure 3.12a). The polymer coated 

surface demonstrates the island-like structures which is typical morphology of the polymer brush 

layer on the surface.38 The polymer was uniformly distributed, and the small thickness of coated 

polymers was limited to monolayer formation. The versatile surface binding ability was also 

confirmed by measuring the static contact angle measurement of water droplet after coating on 

various substrates to examine the surface hydrophilicity. The contact angle of each surface indicated a 

similar range of values which demonstrated the potential of the catechol-functionalized polymer as a 

substrate-independent universal coating material (Figure 3.12b, 3.13). 
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Figure 3.1. Fabrication of catechol-functionalized polymer films presenting the antifouling effect. (a) Synthesis of catechol 

functionalized triblock copolymers. (b) 1H NMR spectra of CAG monomer and catechol functionalized triblock copolymer 

(L10K-10). (c) Schematic illustration of antifouling polymer coated surfaces 
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Figure 3.2. Synthesis of acetonide-protected catechol functionalized monomer (CAG) 

 

 

 

Figure 3.3. 13C NMR spectrum of CAG 
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Figure 3.4. COSY NMR spectrum of CAG 
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Figure 3.5. 1H NMR spectra of homopolymerization of CAG using CsOH at high temperature 

 

 

Table 3.2. Characterization of PCAG homopolymer using CsOH 

Trial Temp. (℃)  Mn (g mol-1) Mw (g mol-1) Ð DP 

1 120  1210 1340 1.1 4.3 

2 150  2080 2600 1.2 7.5 

3 180  2780 5550 2.0 11.2 
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Figure 3.6. 1H NMR spectrum of *L10K-10 

 

Table 3.2. Characterization of the catechol-functionalized polymers. 

Polymer Compositiona Mn,NMR
a (g/mol) Mn,SEC

b (g/mol) Ðb 

*L4K-10 PCAG7-b-PEG91-b-PCAG7 7400 4850 1.03 

*L10K-5 PCAG4-b-PEG227-b-PCAG4 11850 10900 1.10 

*L10K-10 PCAG9-b-PEG227-b-PCAG9 14550 13640 1.08 

*L10K-15 PCAG12-b-PEG227-b-PCAG12 17290 14940 1.32 

*L20K-10 PCAG9-b-PEG453-b-PCAG9 24500 22700 1.04 

*B5K-5 PEG114-b-PCAG4 5930 5390 1.09 

*B5K-10 PEG114-b-PCAG9 7370 6890 1.12 

*B5K-15 PEG114-b-PCAG12 8960 6980 1.14 

 

aMn and composition of block copolymer were determined via 1H NMR in CDCl3, bÐ(Mw/Mn) was measured by SEC 

analysis with PEG standards in DMF. [*L(X)-(Y) (protected loop polymer) or *B(X)-(Y) (protected brush polymer) in 

accordance with the molecular weight 
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Figure 3.7. SEC trace of bare PEG and catechol functionalized polymers in DMF at 40 ℃ 

 

Figure 3.8. (a) The molecular weight of ethylene oxide and CAG. (b) MALDI-TOF spectrum of *L10K-10. (c) MALDI-

TOF spectrum of CAG homopolymer 
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Figure 3.9. (a) TGA of catechol-functionalized triblock copolymers (b) Tg of various catechol functionalized polymers 

 

Figure 3.10. PEG hydrolysis test. (a) SEC trace and (b) molecular weight obtained by SEC 
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Figure 3.11. The UV-Vis spectra of protected (*L10K-10) and deprotected (L10K-10) polymer in pH 8.5 aqueous solution. 

Inset shows the protected polymer solution (left) and deprotected solution (right). 
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Figure 13. (a) Topographic AFM images and cross-sectional plots of *L10K-10, L10K-10, and B5K-10 coating on silicon 

wafer (polymer concentration: 10 mg/mL). (b) The static contact angle of bare surfaces, loop-polymer L10K-10 treated 

surfaces, and brush-polymer B5K-10 treated surfaces 
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Figure 3.13. Static water contact angle after polymer coating 
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3.3.3 Interaction force measurement 

 

Furthermore, the interaction forces of the polymer loop and brush coated surfaces were measured by 

using an SFA (Figure 3.14). SFA has been actively employed to measure the absolute distance and 

interaction force between two macroscopic surfaces with an ultimate resolution of 0.1 nm and 10 nN, 

respectively.39 To investigate the antifouling effect of two polymers on the protein adsorption, bovine 

serum albumin (BSA) was used in this study. BSA is a well-known foulant that is commonly used as a 

model protein because it can adsorb easily on many different surfaces with nonspecific interactions.40 

We prepared each polymer coated surface symmetrically (loop vs. loop and brush vs. brush) and the 

force measurements were conducted by changing the intervening buffers in the following order: 10 

mM PBS, BSA solution, and 10 mM PBS after cleaning the surfaces.  

In PBS solution, both polymer loop and brush coated surfaces exhibited purely repulsive force 

profiles, corresponding to the ‘steric repulsion’ of polymers. The polymer loop showed a thicker steric 

wall distance, Dsw (55 nm) compared to that of the polymer brush (6 nm). This result indicated that the 

polymer loop showed a greater resistance to the compression compared to the polymer brush. Since 

both ends of polymer loop are immobilized to the surface, it has less mobility to be tilted or lay down 

flat upon compression, which can result in a thicker Dsw compared to that of the polymer brush. 

Considering the Debye length of 10 mM PBS is 0.76 nm, the measured decay length of the polymer 

loop and brush also supported the steric contribution was significant during the approach (Figure 

3.15).  

The interaction force between polymer loop coated surfaces right after injection of the BSA solution 

showed an increase in repulsion accompanied with the decrease in Dsw from 55 to 40 nm. The 

decreased Dsw can be interpreted as the loop polymers were collapsed by instant adsorption of the 

BSA onto both surfaces. However, the result after 1 h resting time showed a significant increase in 

Dsw (112 nm). The repulsion was developed from the separation distance of 190 nm, which was 

considerably farther than the case without the BSA due to the flocculation of BSA by the strong 

hydrophobic interaction.41,42 After rinsing the surfaces with DI water, the force measurement in PBS 

showed a marked decrease in repulsion and recovery of Dsw (55 nm), displaying a high reversibility.  

Contrary to the polymer loop coated surfaces, the following force profiles were measured between 

polymer loop coated surfaces upon injection of BSA: (i) during the approach, BSA did not affect the 

repulsive force between the surfaces, and (ii) during the separation, adhesion force, Fad, of -5.0 mN/m 

was measured. The measured adhesion force appears to be mediated by the penetration and bridging 

of the BSA molecules which intervened between the polymer brush gaps at the opposing surfaces.43,44 

Due to the fast dynamics including high mobility and flexibility of the brush chain ends, the BSA has 

less chance to interact with the protein each other in order to aggregate. Thus, the BSA molecules 
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tended to be adsorbed between the polymer brush gaps rather than stacked on the surfaces, while they 

could be easily adsorbed and aggregated on the loop coated surfaces since there were insufficient 

spaces to intervene.32,42 The adhesion force (Fad = -3.6 mN/m) and force-distance profile after 1 h 

resting time, nearly corresponded to the force run right after BSA injection. Hence, the brush coated 

surfaces reached the structural stability without additional aggregation of the BSA. After rinsing the 

surfaces clearly with DI water, the adhesion force disappeared and Dsw increased to 8.66 nm in PBS, 

showing much repulsive in-curve than initially measured in PBS during the approach. This indicated 

that the BSA remained in the polymer brush gaps led to a decrease in the chain mobility (which 

prevented polymers from tilting) even after thorough rinsing of BSA on the surfaces. 

The QCM-D technique was introduced to monitor a real-time adsorption of polymer and proteins on 

the surface. First, the gold sensor was equilibrated using 10 mM PBS buffer and polymer solution (1 

mg/mL) was applied for 30 min. The introduction of polymer generated a negative frequency shift, 

indicating an increase of mass on the surface. During this phase, the steep slope of ΔD vs. ΔF/n plot 

(7.7 × 10-7/Hz) suggested that the adsorbates form a viscoelastic layer with a considerable amount of 

energy dissipation (Figure 3.17).29 The loosely bounded polymer was removed in the rinsing step and 

BSA solution was introduced. As shown in Figure 3.16b, the frequency was decreased while it 

recovered fully or partially after the rinsing step. Considering the viscoelastic nature of the polymer 

coated on the surface, the Voigt model was used to determine the mass of both polymer and protein 

(Figure 3.16c and Figure 3.16d).  

As expected, the catechol-functionalized block copolymers were successfully adsorbed to the gold 

surface, while pristine PEG was rarely immobilized to the surface (9.5 ng/cm2). Therefore, pristine 

PEG itself was not effective to inhibit the binding of protein. In case of brush polymer, it effectively 

inhibits the protein adsorption and exhibits 8-fold lower protein uptake (59 ng/cm2 for B5K-10). In 

addition, despite the lower grafting density of L10K-10 as shown in Table 3.3, the markedly higher 

suppression of protein adsorption was observed in loop polymer compared to brush polymer 

(approximately 0 ng/cm2 except L10K-5), revealing the critical role of the topological effect in 

enhanced antifouling effect. Similarly, Hawker and co-workers have reported previously that the 

frictional force of loop polymer was reduced compared with brush polymer due to the lower 

interpenetration between polymer chains.27 Benetti and co-workers explained that the absense of chain 

end signifiantly affect the property of surface-grafted polymer,45 which supports the superior 

antifouling effect of loop polymer presented in this study. 
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Figure 4.14 Schematics depicting antifouling study of polymer films using surface force apparatus (SFA) and force-distance 

profiles between two polymer films. Force-distance profiles between (a) L10K-10 and (b) B5K-10 films with different 

treatment sequences; 10 mM PBS, BSA solution with 1 h incubation, and 10 mM PBS rinsing. 

 

Figure 3.15. The semi-log plot of the approach curves of (a) L10K-10 and (b) B5K-10. The solid line indicates the measured 

decay length.  
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Figure 3.16. (a) Schematic illustration of antifouling test by QCM-D (b) The frequency and dissipation shift associated with 

the adsorption of polymer (L10K-10) and protein on gold sensor. (c) Adsorption of various polymers on bare gold surfaces. 

(d) Adsorption of BSA on bare and various polymers coated gold surfaces. 
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Figure 3.17. ΔD/ΔF/n plot of the adsorption of L10K-10 
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Morevoer, the composition effect upon the antifouling was studied using different length of PEG 

midblock. Even though the mass of adsorbed polymer was increased by increasing the molecular 

weight of PEG, for example, from 337 ng/cm2 of L4K-10 to 1362 ng/cm2 of L20K-10, it was not 

entirely proportional to the molecular weight. For comparison, dry mass and surface grafting density 

(σ) of polymers with the different molecular weight of PEG (L4K-10, L10K-10, and L20K-10) was 

measured (Table 3.3) using quartz-crystal microbalance. The polymer with a longer PEG 

macroinitiator shows a lower surface grafting density from 0.82 to 0.15 chains/nm2 due to the higher 

steric hindrance, thus the increment of mass according to the molecular weight was decreased.46 

Moreover, the effect of the molecular weight of PEG was hard to compare due to the excellent 

antifouling properties. 

A quantitative assessment of the protein adsorption and antifouling properties was also evaluated 

according to the number of catechol unit. In general, it was found that the increasing catechol unit 

enhanced the binding ability to the surface, whereas a higher number of catechol units facilitated the 

protein adsorption instead.29,33 Therefore, appropriate number of catechol unit is essential to obtain a 

binding ability, while maintaining the antifouling property. However, the polymer and protein 

adsorption with a various anchoring block length did not show a statistically significant difference. 

We postulate that the length of catechol block in this study is sufficient to immobilize the polymer 

surface, while the catechol block could not disturb the antifouling effect of PEG due to the 

significantly shorter length than PEG.  

 

3.3.4 Cell attachment assay 

Inhibition of cell attachment of the catechol-functionalized polymer coated surface was also 

confirmed with fibroblast cell. While the PEG-treated surfaces exhibit similar adhesion and 

proliferation with the bare glass surface (Figure 3.18), the catechol-functionalized polymer coated 

surface inhibit the deposition of cell and the cells were easily washed away, which demonstrated that 

the catechol-functionalized polymer effectively inhibited the adhesion of cell on the surface. 
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Table 3.3. Dry mass and surface grafting density of catechol-functionalized polymer 

Polymers Dry mass (μg cm-2) σ (chains nm-2) 

L4K-10 1.00 ± 0.22 0.82 

L10K-10 0.67 ± 0.16 0.29 

L20K-10 0.58 ± 0.20 0.15 

B5K-10 0.48 ± 0.26 0.41 

 

 

 

 

Figure 3.18. Cell attachment on each surface 
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3.4. Conclusion 

 

In summary, catechol-functionalized block copolymer was prepared to compare the composition and 

conformation effect upon the antifouling property. The bioinspired block copolymer demonstrated that 

surface independent binding ability from hydrophilic to hydrophobic surfaces. The antifouling effect 

was evaluated by QCM and SFA, using BSA as a model protein. The composition effect was 

evaluated by varying the length of the PEG block and catechol block, which offers the tunable surface 

grafting and a diminished trade-off between surface adhesion and protein adsorption. In case of 

conformation, loop conformations of triblock copolymers presenting strong steric repulsion and 

improved antifouling effect when compared to the brush conformation of diblock copolymers. In 

addition, the catechol-functionalized polymer inhibits the cell attachment which demonstrates the 

significant potential for biomedical applications. 
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Chapter 4. Synergistic adhesion properties of catechol and amine 

functionalized polyether  

 

4.1 Introduction 

 

Mussel is attracted its adhesive properties to adhere to rough and wet surfaces. Even though 

synthetic adhesives lose their properties underwater, mussels strongly bind to various surfaces in 

seawater and endure strong waves. Therefore, the adhesion mechanism of mussel foot protein (mfp) 

has been extensible studied during the past decades. The unique feature of this interfacial protein is 

their high contents of catecholic amino acid, L-3,4-dihydroxyphenylalanine (DOPA), which is 

synthesized by posttranslational modification of tyrosine. DOPA, especially catechol moiety has 

pivotal role for the cross-linking of the reaction of cohesive curing and adhesive surface bonding.  

In actuality, mfp contains a high portion of cationic amino acids as well as DOPA (i.e. mfp-5 

contains cationic acid up to 28%), which are frequently in adjacent positions.1 Recently, Waite at al 

revealed that cationic group of mussel protein displaces positively charged salt ion from the anionic 

surface.2,3 This study showed that lysine is a key of wet adhesion which prepare the surface to form 

interfacial bonds for catechol moieties. Moreover, different research groups also showed that 

incorporation of the cationic group improves the adhesive property in simulated seawater or saline.4 

However, most of the studies remained in the single molecular system although synergistic wet-

adhesion of catechol and amine can offer the great potential to high-performance underwater adhesive 

materials. 

Our approach to providing the extended study about the role of amine and catechol is incorporating 

primary amine and catechol to the polymer system, which allows the mimic of neighboring lysine 

residue and Dopa. Furthermore, we adopted the functional groups to epoxide monomer and 

polymerized using anionic ring opening polymerization. The resulting polymer has a polyether 

backbone, which renders water solubility and flexibility.5 Random copolymers with the various ratio 

of catechol and amine were prepared and surface interaction with different pH as demonstrated.  
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Figure 4.1. (a) Primary sequence of mfp-5 and Structure of mussel-inspired functional epoxide monomers. (b) Synthesis of 

amine and catechol functionalized copolymer. (c) 1H NMR spectra of amine and catechol functionalized copolymer (AC1) 
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4.2. Materials and methods 

 

Reagents. p-toluene sulfonic acid monohydrate (p-TsOH), lithium aluminum hydride (LiAlH4), 

epichlorohydrin (ECH), tetrabutylammonium bromide (TBAB), phosphazene base t-Bu-P4 solution 

(~0.8 M in hexane), 6-chloro-1-hexanol, triphenylphosphine, and toluene were obtained from Sigma-

Aldrich. 3, 4-Dihydroxyhydrocinnamic acid (C-COOH), 2, 2-dimethoxypropane (DMP), sodium 

azide, anhydrous methanol, and aluminum oxide were obtained from Alfa-Aesar. Diethyl ether and 50% 

sodium hydroxide aqueous solution were obtained from Daejung. Ethyl acetate, hexane, and methanol 

were purchased from SK chemical. All deuterated NMR solvents in this experiment (CDCl3, D2O) 

were obtained from Cambridge Isotope Laboratories. All chemicals were analytical reagents grade 

and used without purification unless otherwise indicated. 

 

Instruments. 1H NMR spectra were measured at 400 MHz (298K) with VNMRS 400 spectrometer. 

All spectra were recorded using tetramethylsilane (TMS) as an internal standard. SEC measurements 

(Agilent 1200 series) were performed using DMF solvent as an eluent at 40 °C with a constant flow 

rate of 1.0 mL/min using a refractive index (RI) detector. For calibration, the poly(methyl 

methacrylate) standard were used to calculate the number- and weight-averaged molecular weight (Mn 

and Mw). Matrix-assisted laser desorption and ionization time-of-flight (MALDI-TOF) mass 

spectrometry were performed using LRF 20 (Bruker Daltonics). The surface interaction was studied 

using SFA 2000 (Surforce LLC, Santa Barbara, CA, USA).  

 

Synthesis of catechol acetonide glycidyl ether (CAG). See experimental details in Part 3. 

 

Synthesis of 6-azido-1-hexanol. A round bottom flask was filled with 6-chloro-1-hexanol (109.8 

mmol, 1 equiv), 22 mL of water and sodium azide (164.7 mmol, 1.5 equiv), and stirred overnight 

under reflux condition. The desired product was extracted to organic layer using ethyl acetate and 

washed with water, brine, and dried over Na2SO4 and the excess solvent was evaporated under 

reduced pressure to give a yellowish liquid. Yield: 98%. 1H NMR (400 MHz, CDCl3): δ [ppm] 3.65 (t, 

J = 6.5 Hz, 2H), 3.27 (t, J = 6.9 Hz, 2H), 1.67 – 1.53 (m, 4H), 1.49 – 1.32 (m, J = 4.6, 3.8, 1.8 Hz, 

5H). 13C NMR (101 mHz, CDCl3): δ [ppm] 62.66, 51.42, 32.56, 28.84, 26.56, 25.38. 

 

Synthesis of azido hexyl glycidyl ether (AHGE). Tetrabutylammonium hydrogensulfate 

(TBAHSO4) (3.44 mmol, 0.05 equiv) and epichlorohydrin (343.85 mmol, 5 equiv) were added to an 

aqueous KOH solution (40%) at 0 °C. The reaction mixture was stirred for 30 min and 6-azido-1-

hexanol (68.77 mmol, 1 equiv) was slowly added to flask. The reaction was stirred overnight and 
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extracted with ethyl acetate and washed with water, brine, and dried over Na2SO4 and evaporated 

using rotary evaporator. The crude product was purified using silica gel column chromatography with 

an ethyl acetate/hexane (1:3 v/v) eluent to obtain AHGE. AHGE was distilled before polymerization 

to give the pure product. Yield: 55%. 1H NMR (400 MHz, CDCl3): δ [ppm] 3.72 (dd, J = 11.5, 3.0 Hz, 

1H), 3.58 – 3.41 (m, 2H), 3.37 (dd, J = 11.5, 5.8 Hz, 1H), 3.27 (t, J = 6.9 Hz, 2H), 3.19 – 3.08 (m, J = 

5.8, 4.1, 2.9 Hz, 1H), 2.80 (dd, J = 5.0, 4.2 Hz, 1H), 2.61 (dd, J = 5.0, 2.7 Hz, 1H), 1.65 – 1.54 (m, 

4H), 1.45 – 1.34 (m, 4H). 13C NMR (101 MHz, CDCl3): δ [ppm] 71.57, 71.45, 51.44, 50.94, 44.32, 

29.61, 28.85, 26.61, 25.75. ESI-MS (m/z): [M+Na]+ calcd for C9H17N3O2Na, 199.13; found, 222.04 

 

Synthesis of azide-catechol copolymers. A series of the azide-catechol functionalized polymer was 

prepared using anionic ring-opening polymerization with altering the mole ratio of AHGE and CAG. 

Exemplified for AC1. A flask was purged with nitrogen and benzyl alcohol (0.3 mmol, 1 equiv) was 

added into the flask. Phosphazene base, t-Bu-P4 (0.3 mmol, 1 equiv) and 2 mL of toluene was added 

stirred for 30 min. The flask heated up to 60 °C, CAG monomer (1.5 mmol, 5 equiv) and AHGE 

monomer (4.5 mmol, 15 equiv) was slowly added and the mixture was stirred overnight. The 

polymerization was quenched with excess amount of benzoic acid and the resulting polymer was 

purified using alumina column with THF. The solution was precipitated into excess cold hexane to 

give P(AHGE-co-CAG). 

 

Deprotection of azide and protected catechol functionalized copolymers. AC1 (100 mg, 0.30 

mmol of azide, 1 equiv) was dissolved in 1 mL of THF and the solution was degassed by N2 bubbling 

for 20 min. Triphenylphosphine (0.60 mmol, 2 equiv) was completely dissolved in the solution. Water 

(0.05 mL) was added to the mixture and the solution was stirred for 12 h at room temperature. THF 

was removed using rotary evaporator and 1.0 M HCl solution was added to acidify and remove 

acetonide group of the polymer. The mixture was stirred for 3 h at 40 °C. Then the solution was 

washed 3 times with diethyl ether to remove residual triphenylphosphine and triphenylphosphine 

oxide. The aqueous phase was lyophilized to give viscous polymer. 

 

Surface force apparatus. The SFA 2000 (Surforce LLC, Santa Barbara, CA, USA) was used in this 

study. The experiment was conducted in an environment pH 3 and pH 7 DI water titrated with HCl 

and NaOH. The surface is prepared in a sample with a back-silvered thin mica sheet attached to a 

cylindrical disk (R = 2 cm). Catechol-amine surface was prepared by drop-casting 0.1 mg/mL 

polymer solution dissolved in pH 3 buffer on smooth mica surface for 10 minutes and then washing 

with pH 3 buffer. The experiment was carried out at room temperature and at each pH condition, the 

buffer was injected between the two surfaces and equilibrated for 1 hour. 
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The interaction between the two surfaces can be measured as a function of the distance (D) between 

the two surfaces and the Derjaguin approximation, W = F / 2πR, is used because D approaches much 

smaller than R. The measured adhesion Fad was converted to adhesion energy per area Wad between 

two flat surfaces based on the Johnson-Kendall-Roberts (JKR) theory, Wad = Fad / 1.5πR. 

The two surfaces were contacted for 2 minutes and 1 hour and then separated to investigate changes 

in surface adhesion with each pH environment and contact time. Experiments were carried out at pH 3 

and repeated after the buffer was changed to pH 7 buffer. 
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Figure 4.2. 1H NMR spectrum of AHGE 

 

 

Figure 4.3. 13C NMR spectrum of AHGE 
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Figure 4.4. 1H-1H COSY NMR spectrum of AHGE in CDCl3 
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4.3. Results and discussion 

 

4.3.1 Polymerization 

 

In order to explore the synergistic adhesion of lysine and DOPA, lysine inspired monomer 

(azidohexyl glycidyl ether, AHGE) and catechol inspired monomer (catechol acetonide glycidyl ether, 

CAG) was prepared (Figure 4.1a). Azide group and acetonide protected catechol was incorporated to 

epoxide due to the reactivity of amine and catechol under basic condition. The successful synthesis of 

AHGE and CAG was convinced via 1H- and 13C-NMR (Figure 4.2-4.4). The azide and protected 

catechol functionalized random copolymer (poly[AHGE-co-CAG], *AC) was synthesized using 

AROP of AHGE and CAG. As shown in Figure 4.5, *AC show resonance peaks of protected catechol, 

azide and polyether backbone. The degree of polymerization was fixed to 20 to eliminate the effect of 

molecular weight such as wetting, viscosity, and chain entanglement.6 Five polymers were 

synthesized by controlling the composition of AHGE and CAG. From *AC0 to *AC4, the catechol 

contents increase from 0 to 100%. 

The resulting copolymers were characterized by 1H NMR spectroscopy, size exclusion 

chromatography (SEC) and matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF). 

The average molecular weight of the polymer was around 5,000 and dispersity fell between 1.2 and 

1.5. The azide functional group of the resulting polymer was reduced to a primary amine by 

Staudinger reduction and hydrogen chloride was treated to protonate amine and remove acetonide 

protecting group of catechol (Figure 4.1c). Unfortunately, AC4 was insoluble in water due to the 

hydrophobicity of the catechol side chain. Hence the subsequent experiments were conducted using 

AC0 to AC3. 
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Figure 4.5. 1H NMR spectrum of AC1 before deprotection 

 

 

Table 4.1 Characterization of azide and protected catechol-functionalized polymers 

Polymer AHGE CAG Mn,NMR
a Mn,SEC

b DPNMR (A/C)a Ðb 

AC0 20 0 4890 5800 24.0/0.0 1.24 

AC1 15 5 5400 4190 16.1/5.2 1.30 

AC2 10 10 4550 3560 9.8/9.3 1.44 

AC3 5 15 4870 5010 5.5/16.6 1.25 

AC4 0 20 5820 5290 0.0/21.6 1.28 

aMn,NMR and composition of the copolymer were determined via 1H NMR in CDCl3, bMn,SEC
 and Ð(Mw/Mn) was measured by 

SEC analysis with PMMA standards in DMF. 
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4.3.2. Surface interaction measurement 

 

The interaction forces of the polymer were investigated by using a surface force apparatus (SFA). 

SFA has been used to measure the absolute distance and interaction force between two macroscopic 

surfaces with resolutions of 0.1 nm and 10 nN, respectively.7  

In nature, mussel foot protein secreted under acidic pH during mussel plaque formation to limits 

Dopa oxidation.8 The AC polymer also deposited on the mica surface with pH 3 buffer to minimize 

the auto-oxidation. To probe the effect of polymer composition on cohesion behavior, the polymer 

solution in pH 3 buffer was symmetrically deposited on both mica surfaces. Due to the steric 

hindrance of the side chain, part of the catechol moieties in the adsorbed polymer is bound to a mica 

surface, and unbound catecholic functional group are capable for bonding to other surfaces or forming 

multiple layers. Cohesion between two polymers was mediated by cation-π interaction between 

catechol and amine, π-π interaction between catechol and catechol and H-bonding interaction (Figure 

4.6a).9–11 The representative force-distance curves of AC1 are shown in Figure 4.6b. The polymer 

films adsorbed at pH 3 exhibited a thin hard wall thickness of ~ 5 nm. The cohesion at pH 3 was Ead 

29.0 mJ/m2 and increased to 34.7 mJ/m2 after 1 h contact time because longer contact allows better 

interfacial equilibration. 

When the intervening buffer was changed to pH 7, the stronger cohesion obtained. In pH 7, cohesion 

was increased after 1 h which indicates that there is no defect on the polymer layer during the 

experiment. Moreover, AC1 exhibited significantly higher attraction force after pH elevation (41.7 

mJ/m2). Previous research shows that mfp-5 and mfp3 exhibit a significant reduction in adhesion even 

when distributed at pH 5.5 due to the Dopa oxidation.12,13 However, two symmetric AC1 films already 

deposited under acidic condition and reduced Coulombic repulsion due to the increment of pH may be 

responsible.14 

The cohesion of AC polymers with different contact time and pH is shown in Figure 4.6c. AC1 

which have 25 mol% catechol exhibited the strongest cohesion at both pH 3 and pH 7. The cohesion 

was not proportional to catechol contents which demonstrate that the existence of amine with proper 

composition is required. Interestingly, the effect of pH was maximized when the catechol content is 

50 mol%, while AC0 without catechol did not show a significant increase. The result suggesting that 

the primary amine group of AC polymer was expected to be crosslinked with oxidized catechol via 

Michael addition reaction.15,16 When the intervening buffer changed with pH 2 buffer, the cohesion 

was not fully reduced (Ead ~ 19.7 mJ/m2) which indicates that the cohesion of AC not only affected by 

non-covalent crosslinking. 

Whereas the cohesion interaction was mediated by two polymer layers, adhesion force was 

measured between the polymer layer and mica surface as an asymmetric test. A bidentate H-bond of 
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the catecholic hydroxyl group or amine group with the surface oxygen atom of mica and electrostatic 

interaction of amine seems the reasonable chemical basis for interaction (Figure 4.6a).17 The adhesion 

of AC1 was also contact time-dependent, the adhesion was Ead 11.9 mJ/m2 increased to 17.3 mJ/m2 

after 1 h contact time. After the pH of the intervening buffer was elevated to pH 7, adhesion was 

improved and still exhibit increment after 1 h contact time (23.8 mJ/m2). 

The adhesion of AC polymers with different contact time and pH is shown in Figure 4.6d. The 

adhesion at pH 3 with various composition tend to be different from the symmetric test. There was no 

addictive effect and adhesion slightly improved when the content of catechol is increased. However, 

the pH increment effectively enhances the adhesion when the catechol and amine were incorporated 

simultaneously. Therefore, AC1 exhibited the strongest adhesion at pH 7. 

 Although adhesion of AC1 at pH 7 is 2-fold lower than the interaction energy of cohesion test, the 

value was comparable to the adhesion of mfp-5.12 Furthermore, the amine-catechol functionalized 

polymer exhibited strong wet-cohesion (at least 10-fold greater than mfp-5 even under pH 3) which 

demonstrate the potential as a high-performance wet-adhesive. 
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Figure 4.6. (a) Schematic representation of adhesion and cohesion mechanism of amine and catechol functionalized polymer 

with mica substrate. (b) Representative force-distance curves of AC1 (0.1 mg mL-1). Effect of pH and contact time on 

Interaction energy of AC polymers with different catechol contents in (c) symmetric mode and (d) asymmetric mode. 

 

Figure 4.7. Representative force-distance curves of AC1 (0.1 mg mL-1) with different pH.  
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4.4. Conclusion 

In conclusion, catechol and amine functionalized polymer was prepared to study the synergistic 

adhesion of DOPA and lysine. The protected catechol and azide functionalized epoxide monomer 

were synthesized and polymerized using AROP. The surface interaction of copolymers with different 

amine-catechol ratio was measured by SFA. Through optimizing the ratio between catechol and amine, 

the polymer film deposited onto mica exhibits both strong adhesion and cohesion. Moreover, the 

elevated pH after deposition enhances the surface interaction that is rarely found phenomena in 

previous studies. This study provides the insight to design mussel-inspired synthetic adhesive material.  
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Chapter 5. Summary 

 

Due to the fascinating adhesion property of mussel, there are various synthetic materials bearing the 

catechol functional group inspired by mussel foot protein. However, the binding mechanism of mussel 

foot protein is not fully understood, and the development of wet-adhesive synthetic materials is still 

challenging. Therefore, this thesis describes the synthesis of catechol-functionalized materials and 

their applications. 

First, the catechol functionalized bifunctional molecule was adopted to dental applications. The 

catechol moieties can bind to hydrophilic substrates with hydrogen bond while other chain end 

crosslinked with (meth)acrylate-based polymers. The dental materials using catechol functionalized 

molecule exhibited comparable mechanical strength with a commercial product, which demonstrates 

the potential of catechol as dental applications. Second, the catechol group was incorporated to 

epoxide monomer and polymerized using PEG as initiator. The catechol functionalized monomer 

enables to control the molecular weight and catechol contents in resulting polymers and successfully 

immobilized PEG on the various substrate. Finally, the catechol-amine functionalized polymer was 

synthesized. Synergistic wet-adhesion of Dopa and lysine was demonstrated using polyether system 

with various catechol contents. The catechol-amine functionalized polymer shows strong wet-

adhesion which exceed the interaction energy of mussel foot protein. 

The mussel-inspired materials, especially catechol incorporated system have the potential for future 

adhesive. Besides the biomedical applications covered in this thesis, we anticipate that the catechol-

based materials can be applied to other fields. 
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