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Abstract 

Nature biology like blue mussels, barnacles, and sandcastles can tightly attach to solid 

surfaces in the ocean, even under dynamic and turbulent environments. Exploration of these 

organisms has revealed the significance of catechol-enriched adhesive proteins as the unique 

paradigm for the development of synthetic systems for a broad range of applications. However, 

studies on the corresponding intermolecular interactions between the catechol-containing 

materials are limited which brings the challenge to realize the delicate control of catechol 

chemistry and the full recapitulation of the biological adhesive functions. In this thesis, three 

original research works regarding the molecular design and engineering of mussel-inspired 

antifouling coating and adhesive hydrogel materials are presented, with the assistance of drop 

and colloidal probe atomic force microscope (AFM) techniques to investigate the correlated 

surface interaction mechanisms, which hold great promises in industrial and medical applications 

under practical conditions.      

In the first work, a mussel-inspired antifouling coating formed by polydopamine (PDA) 

codeposited with cationic {2-(methacryloy-loxy)ethyl}trimethylammonium chloride (MTAC) 

and anionic acrylic acid (AA) was demonstrated bearing adjustable surface charge property, 

employing tunable long-range electrostatic interaction to achieve adaptive antifouling 

performance in response to the varying electrical characteristic of the contaminants, i.e., 

emulsions. The results from surface forces measured by drop probe AFM technique indicated 

that modulating the surface electrical properties of the coatings through varying the solution pH 

could effectively alter their electrostatic interactions with emulsions from attraction to repulsion, 

in combination with hydrodynamic interactions, to enable emulsion repellence of the coatings. 

Meanwhile, by properly modulating the surface charge of a PDA-PAA-PMTAC-deposited 
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polyvinylidene fluoride (PVDF) membrane, an enhanced water permeability with durable 

antifouling property was achieved for efficient and universal water purification. 

Achieving robust adhesion on wet biological tissues for hydrogels containing high water 

content is still challenging, as water disrupts the surface boding, thus resulting in weak adhesion 

strength. In the second work, mimicking the structure of the Mytilus byssal thread covered by a 

thin protective cuticle, a design strategy was proposed to construct a soft armour-like 

hydrophobic interface as the outermost adhesive layer over the hydrophilic hydrogel matrix to 

realize instant and robust wet adhesion. The external hydrophobic shell generates a water 

depletion region at the contact interface to promote rapid adhesion (within 5 s) and protect the 

weakening of interfacial bonds from water penetration even under high hydraulic pressure. 

Atomic force microscope (AFM) colloidal probe technique was also used to investigate the 

assembling mechanisms for the hydrophobic layer of the hydrogel. The developed hydrogel 

adhesives are further applied in the wet intraoral environment to facilitate the high-contrast 

imaging for ultrasound diagnosis, which benefits the integration of human-machine interface for 

biomedical applications. 

Development of soft conductive materials has enabled the promising future of wearable 

sensors for health monitoring. However, conventional soft conductive materials typically lack 

robust adhesive and on-demand removable properties for a target substrate. In the third work, a 

novel hydrogel ionic conductor was developed composed of a cationic micelle cross-linked 

polymer network. The developed ionic conductor possesses a range of desirable properties 

including mechanical performances such as excellent stretchability (>1100%), toughness, 

elasticity (recovery from 1000% strain), conductivity (2.72 S·m-1), self-healing capability, and 

antimicrobial property, owing to multiple non-covalent supramolecular interactions (e.g., 
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hydrogen bonding, hydrophobic, and π-π/cation-π interactions) present in the cross-linked 

network. Moreover, the ionic conductor was integrated with bridging polymers to form a motion-

sensing entirety. The environment-adaptive wet adhesion of the motion sensor for various 

substrates (adhesion strength up to ~ 30 kPa) was achieved by the introduction of pH or 

temperature-responsive polymers as the bridging agent that can form a topological connection 

with the hydrogel network and substrate surfaces. Further, the on-demand removability can be 

achieved by the external stimuli of environmental pH or temperature. The resulting motion 

sensors possess excellent sensitivity and reliability for the detection of human motions, showing 

great promise for advanced health monitoring devices with enhanced performances. 

This thesis work expands the application of marine mussels-derived dynamic interactions 

in the development of multifunctional antifouling coating and wet adhesive hydrogels and 

elucidates the related intermolecular interactions at nanoscale, which devises a new passage on 

catechol containing-synthetic systems with diverse anchoring, antifouling, adhesive, and 

cohesive properties for the environmental and biomedical applications. 
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CHAPTER 1.  Introduction 

Nature not only affords us abundant natural resources but also provides us with various 

bionic resources for the advancement of cutting-edge technology [1-3]. The translation of the 

unique features developed by the nature to our synthetic systems requires a comprehensive 

understanding of the correlated chemical, structural, and mechanical principles. For instance, 

through the exploration of the structure belonging to spider silk and lotus leaf, researchers have 

successfully developed the tough fabrics and superhydrophobic surfaces, respectively [4-7]. Both 

of the cases are the huge breakthrough in the area of biomimetic materials that can be used in the 

demanding environment. 

Achieving robust adhesion in the wet environment is always desirable for many medical 

and industrial applications, like the surgery on wet tissues and operations in the aqueous 

environment. In order to solve this insurmountable challenge, the adhesion behavior of marine 

mussels has raised the interest of many researchers. Marine mussel byssal plaque could rapidly 

and tightly attach to various solid surfaces including racks and steel plates before the next 

coming waves [8]. This brings new opportunities to develop advanced materials with wet 

adhesive properties as most of the existing adhesives suffer from the decline of adhesion 

performance in the wet environment.  

1.1 Mussel-inspired Catechol Chemistry 

1.1.1 Mussel foot proteins 

Mussel attachment tenacity is enabled by a bundle of radially distributed threads, called 

byssus, with four parts: adhesive plaque, thread comprising distal and proximal portions, stem, 

and root, as shown in Figure 1.1 [9]. The entire thread is protected by a cuticle, which contains 
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one type of mussel foot protein (mfp) called mfp-1. Within the plaque, five major proteins with 

different sequences are identified to be mfp-2, mfp-3, mfp-4, mfp-5, and mfp-6, respectively. 

Among all these mfps, mfp-3 and mfp-5 that abundantly appear at the plaque-substrate interface 

are believed to play a distinct and critical role in the robust adhesion capability of mussel byssus 

[10]. Both mfp-3 and mfp-5 contain high content of post-translationally modified amino acid 

3,4-dihydroxyphenyl-L-alanine (DOPA), which is regarded as the most important adhesive 

component. In order to further figure out the interaction mechanism of mfps with substrate 

surfaces, two unique instruments, surface force apparatus (SFA) and atomic force microscopy 

(AFM) are utilized to directly quantify the correlated interaction forces, which would be 

discussed in the next section. 

 

Figure 1.1 (A) Schematic showing a mussel attached to a substrate surface. One of the byssal 

plaques (red circle) is enlarged as a schematic (B) to illustrate the known distribution of mussel 

foot proteins (mfp) in the literature, with the inset showing the attachment of a mussel to a sheet 

of mica (Reprinted with permission from reference [9], © Elsevier). 
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1.1.2 Mussel-inspired covalent and non-covalent interactions 

Mussel adhesion is attributed to the integration of multiple DOPA-mediated interactions 

and greatly affected by the targeting substrates. Figure 1.2 presents the possible covalent and 

non-covalent interactions that are coexisted in the marine Mussel systems [9, 11].  

a) Hydrogen bonding. Catechol groups of DOPA with two neighboring hydroxyl groups 

can act as hydrogen donors/acceptors and provide anchoring points to the natural metal oxide 

surfaces like rocks. The adhesion of mfp-1, mfp-3, and mfp-5 to the fresh cleaved mica and OH-

terminated surfaces was characterized using SFA, of which mfp-3 exhibited the highest adhesion 

due to its high content of DOPA and flexible molecular chain [12]. 

 b) Coordination bond. Metal coordination commonly appears in the biological systems 

between proteins and transition metal ions like Ca2+, Zn2+, and Fe3+. Within the byssus of marine 

mussel, DOPA–Fe3+ coordination complex was found in the cuticle, which is responsible for its 

high stiffness and elasticity. The metal coordination between mfp-1 and Fe3+ was 

comprehensively studied by Zeng et al. using SFA [13]. As shown in Figure 1.3, a strong and 

reversible bridging effect between two mfp-1 films was observed by injecting 10 μm Fe3+ while 

pH is also found to significantly affect the complexation of Fe3+. By increasing pH from 2 to 7, 

the DOPA–Fe3+ coordination complex varied from mono-complex to tris-complex, thus resulting 

in the decreased interfacial adhesion and increased cohesion tendency. The above fundamental 

research provides a viable paradigm to develop DOPA-modified adhesive materials with tunable 

adhesion and cohesion strength modulated by concentration of Fe3+ and solution pH. 

c) Schiff base reaction or Michael addition. The quinone groups generated by the 

oxidized catechol can react with amino and thiol groups that existed in mfps via Schiff base 
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reaction or Michael addition, which enhances the cohesive strength of mfps. Due to the mild 

reaction conditions of Schiff base reaction or Michael addition in aqueous solution (room 

temperature and pH>5), a serious self-assemble coating materials have been developed using 

natural polyphenol and amino group-enriched polymers with the enhanced deposition efficiency 

[14, 15].  

d) Cation-π interaction. Cation–π interaction is a non-covalent interaction that exists 

between cations and electron-rich π orbitals. With the coexistence of protonated amino groups 

and benzene groups belonging to DOPA, tyrosine, and phenylalanine, cation–π interaction along 

with Schiff base reaction or Michael addition substantially contributes to the cohesion of mussel 

byssus [16, 17].  

e) Hydrophobic interaction. Hydrophobic interaction is intrinsically an entropy-driven 

spontaneous process that widely exists between hydrophobic groups in the aqueous solution. The 

interaction between mfps and hydrophobic surface (i.e, CH3-modified mica surface) was 

quantified by Israelachvili. Due to the high content of aromatic amino acid DOPA, mfp-3 and 

mfp-5 exhibit the higher adhesion strength (8.9 ± 0.2, and 6.7 ± 0.2 mJ m-2) compared to that of 

mfp-1 (3.5 ± 1.0 mJ m-2) [12]. These results indicate that the mussel byssus can interact with the 

hydrophobic moieties of a target substrate, thus facilitating robust adhesion. 
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Figure 1.2 (A) Cross-linking Reaction Pathways for DOPA and DOPA o-Quinone Residues 

(Reprinted with permission from reference [10], © American Chemical Society); (B) Adhesion 

of mussel proteins to different substrates with the associated interaction mechanisms (Reprinted 

with permission from reference [9], © Elsevier). 
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Figure 1.3 (A) SFA experiments of mfp-1 with different amount of Fe3+; (B) The corresponding 

interaction force profiles (Reprinted with permission from reference [13], © States National 

Academy of Sciences). 

 

1.2 Mussel-inspired Coating Materials 

In many practical applications, engineering the desirable surface properties has always 

been a challenge. Conventional surface modification methods like chemical vapor deposition and 

polymer grafting method typically have some drawbacks such as strict operation conditions (high 

temperature and pressure) and complicated pre-treatment process on the substrate surfaces. 

Inspired by the universal adhesion behavior of marine mussels, Messersmith et al. first reported a 

universal deposition strategy using one of the catechol-based derivatives, dopamine, to form a 

polydopamine (PDA) coating on various substrates in a mild alkaline solution of atmospheric 

temperature and pressure [18]. PDA coating processes the advantage of surface independent, 

mild operation conditions, capable of forming strong binding with the target surfaces, and 

appliable for further functionality. 
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Based on this pioneer work, a great number of mussel-inspired coating strategies have been 

proposed using diverse catechol-based derivatives (dopamine, tannic acid, gallic acid, and caffeic 

acid) to develop multifunctional coating materials [10]. More specifically, these codeposition 

methods are designed based on the different mussel-inspired surface interactions. For instance, 

Xu et al. reported an antifouling and antimicrobial PDA/poly(N-vinyl pyrrolidone) (PVP) 

coating deposited on polypropylene (PP) membrane [19]. The modification is a two-step 

approach, PP membrane is first deposited with an intermediate PDA layer, followed by the 

coating of PVP. Due to the strong noncovalent interactions (mainly hydrogen bond) between 

PDA and PVP, the obtained PDA/PVP-coated PP membrane exhibited a long-term stability and 

durability for filtrating wastewater with antifouling peripeties against oils and proteins. Besides 

the noncovalent interactions, covalent interactions like Schiff base reaction/Michael addition 

have also been employed for the surface modification process. The codeposition of dopamine 

and polyethyleneimine (PEI) is a one-step process and the obtained PDA/PEI coating layer 

exhibited an enhanced underwater superoleophobicity and high positive surface charge [20, 21]. 

Therefore, the developed PDA/PEI coating could be used in applications such as the separation 

of negatively-charged contaminants like dyes, proteins, and oils. More recently, it was reported 

that the semiquinone radical species generated by the oxidation of dopamine are capable of 

triggering the polymerization of acrylate monomers in mild alkaline solution [22, 23]. The 

codeposition of dopamine with these acrylate monomers could form a dense and uniform coating 

layer. The obtained PDA-polyacrylate coating is interconnected by covalent bonds which 

endows the codeposited layer an enhanced stability. Compared to some grafting methods used to 

prepare polymer coating, the PDA codeposition method exhibits a high flexibility. The desired 

surface functionality (i.e., pH and temperature responsible surfaces) on the target substrate 
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surfaces can be readily realized by selecting the proper acrylate monomers (like acrylic acid and 

N-isopropyl acrylamide) containing the corresponding functional groups. Benefited from the 

mussel-related surface interaction study, numerous catechol-based coating strategies have been 

proposed and applied in many practical applications due to the precise modulation of both the 

noncovalent and covalent interaction between catechol-based derivatives and co-components to 

form a stable codeposition layer on the surface of the target substrates. Besides the modification 

of membrane substrates, catechol-based derivatives including tannic acid (TA) and PDA were 

also applied to modify the surface properties of some 2D materials, especially the carbon-based 

2D materials like graphene oxides (GO). Recently, Zeng et al. reported the fabrication of Ag 

nanoparticle (Np)/TA-grafted magnetic GO sheets for the high-efficient reduction of organic 

pollutants in wastewater [24]. Due to the multiple intermolecular interactions (π-π stacking, 

electrostatic interaction, and hydrogen bonding), the deposition of tannic acid on the GO sheets 

is fast and uniform, typically within 1 min, thus providing abundant anchoring points for the 

loading of Ag nanoparticles (Np). The as-prepared Ag Np/TA-mGO sheets exhibited an 

ultrahigh catalytic rate constant of 5.4 × 10−2 s-1 for the reduction of methylene blue, which is 

around one order magnitude higher than the previously reported value in the literature. 

 

1.3 Mussel-inspired Adhesive Materials 

Although mfp-3 and mfp-5 have proven to be the primer to enable underwater adhesion, 

the production of mfp-3 and mfp-5 greatly relies on the extraction from mussels. It is costly and 

not quite feasible to achieve the large-scale production of these mfp-based adhesives. In order to 

figure out a more appliable approach, Waite et. al. first proposed a synthesis route by mimicking 
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the natural catechol-containing siderophores [25]. The developed Tren-Lys-Cam can reject the 

hydrated ions adsorbed on mica surfaces and exhibited a robust adhesion energy in saline 

solution under a wide range of pH (from 3.3 to 7.5), characterized by SFA. After that, several 

different catechol-containing adhesive polymers have been developed by incorporating DOPA 

moieties into the backbones, side chains, or end groups of polymers. These polymers resemble 

the wet adhesion behavior of mussels to some content.  

Beyond the mussel-inspired adhesive polymers which mostly served as thin cell loading 

coating or bio-glue, mussel-inspired adhesive hydrogels have also been developed and applied 

for many biomedical applications [26]. Unlike the polymer materials, adhesive hydrogels are 

usually premolded during the preparation and have a fixed shape. The adhesive hydrogels 

containing catechol-derivatives can form stable fixation with the target tissue surfaces instantly 

and served as the scaffold for the delivery of drugs and acoustical or optical signals, which 

benefits the diagnosis and treatment for the clinical applications. For instance, Lu et. al. 

developed a tough and adhesive hydrogel by confining PDA between clay sheets [27]. The 

obtained PDA-clay-PAM hydrogel was used as the scaffold for the loading of epidermal growth 

factor (EGF) and served as the wound dressing for dermal regeneration. The wound area treated 

by EGF-loaded PDA-clay-PAM hydrogel exhibited a 15 % higher healing rate than that of the 

unloaded PDA-clay-PAM hydrogel.  
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1.4 Objectives 

Despite remarkable achievement has been achieved in analyzing the mussel-inspired 

chemistry and advancement of catechol-containing coating and adhesive materials, it remains a 

challenge to integrate the desirable functionalities (e.g., tunable surface properties for mussel-

inspired antifouling coating, water-repelling capability and on-demand removability for mussel-

inspired adhesives, etc.) that can adapt to the varying terminal requirements in practical 

applications. In order to achieve these functions, drop probe and colloidal probe AFM techniques 

were first employed to investigate the nanomechanics of the catecholic systems which benefits 

the molecular engineer of the coating and adhesive materials with desired interfacial properties 

and optimized performance towards their functions.  

The overall objective of this thesis is to design mussel-inspired polymeric systems based 

on mussel-correlated dynamic molecular interactions and to use these polymeric systems to help 

construct functional materials with potentials for environmental and biomedical applications 

such as antifouling coatings, underwater tissue adhesives, and couplant for acoustical imaging. 

Meanwhile, the corresponding molecular interaction mechanisms are also investigated. The 

detailed objectives are listed as follows. 

(1) Develop a mussel-inspired antifouling coating bearing adjustable surface charge property, 

employing tunable long-range electrostatic interaction to achieve adaptive antifouling 

performance in response to the varying electrical characteristic of emulsions. Drop probe atomic 

force microscope (AFM) techniques were used to measure the surface forces between surfactant-

stabilized emulsion droplets and the developed coating to unravel the fouling/antifouling 

mechanisms for oil/water separation. 
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(2) Develop an adhesive hydrogel covered by an outermost hydrophobic layer as the tissue 

couplant to enable the water-repelling and rapid underwater adhesion for reliable ultrasound 

imaging in the wet intraoral environment. Colloidal probe AFM techniques were used to 

investigate the interaction forces between the sulfonates and PDA-Fe3+ complex to unravel the 

assembling mechanisms for the hydrophobic layer of the hydrogel driven by metal coordination 

chemistry. 

(3) Develop a novel hydrogel ionic conductor composed of a cationic micelle cross-linked 

polymer network with bridging polymers to enable the controllable wet adhesive property to 

various substrates. Rheological and tensile measurements were used to investigate the effect of 

multiple noncovalent interactions (hydrogen bonding, hydrophobic and cation-π and π-π 

interactions) on the mechanical properties of the developed conductive hydrogel as the strain 

sensor.  
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CHAPTER 2. Major Experimental Methods 

2.1 Surface modification 

2.1.1 Conventional surface modification strategies 

In order to enhance the stability of coating materials to the target substrates, several surface 

modification strategies such as water plasma treatment, chemical vapor deposition, and silane 

self-assembly have been explored previously to generate active anchoring sites for the further 

deposition of coating materials. Water plasma treatment is usually employed as the primary step 

of surface modification by introducing -OH moieties as the reactive sites for post polymer 

grafting. A wide range of substrates including silicon, mica, and polymers are found to be 

appliable that could be etched by the OH radicals generated by the water plasma [1-3]. Chemical 

vapor deposition (CVD) is a one-step, solventless, and substrate-independent process that is used 

to deposit polymeric coatings on the target substrates [4, 5]. CVD process could also be coupled 

with plasma treatment, namely, atmospheric-pressure plasma-enhanced chemical vapor 

deposition (AP-PECVD), to enhance its productivity. With the addition of monomers and 

initiators in the fed into a vacuum chamber, the free radical polymerization occurred 

simultaneously with the deposition to generate the long-lasting surface functionalities on the 

material surfaces [6]. Besides the gaseous modification methods, dip coating-based strategies 

such as self-assembled silane-based modification also attracted significant attention due to their 

conveniency and no instrument requirement. Silane chemicals could form a highly ordered and 

well-packed monolayer on the solid substrates. However, due to the high reactivity of silane 

chemistry, a careful handling of operation is required, more specifically, avoiding the contact of 

silanes with water during the assembly process [7]. 
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2.1.2 Dopamine-triggered one-step polymerization and codeposition strategy 

Dopamine-triggered one-step polymerization and codeposition (DTO-PC) strategy is an 

emerging technique that was first proposed in 2008 [8]. Unlike the conventional surface 

modification strategies that usually suffer from complicated preparation procedures and limited 

density of deposited active reaction sites for post modification, DTO-PC strategy exhibited to be 

a fast, versatile, and universal deposition approach benefited from the comprehensive 

investigation of mussel-inspired catechol chemistry. The universal deposition of dopamine-based 

coating materials is attributed to its self-polymerization to form polydopamine (PDA) coating 

which is capable of forming multiple interactions with substrate surfaces such as the hydrogen 

bond to hydrophilic surfaces, hydrophobic and aromatic interactions to hydrophobic surfaces, 

and coordination bond to some of the metal and metal oxide surfaces [9]. Due to the diverse 

anchoring mechanisms, the deposited polydopamine coating typically shows a high coverage and 

stability on the substrate surfaces. Meanwhile, it is found that the oxidative polymerization of 

dopamine could generate semiquinone radical species, as shown in Figure 2.1 [8, 10]. The free 

radicals generated by the oxidation process of dopamine could be used to trigger the 

polymerization of acrylate monomers. Herein, this one-step coating strategy is proposed that 

dopamine and acrylate monomers are codeposited to form the coating materials. In this coating 

process, dopamine can simultaneously act as the surface anchoring agent and polymerization 

initiator of acrylate monomers. For instance, the PDA/poly(sulfobetaine methacrylate) 

(PSBMA)-coated substrates such as silicon wafers, aluminum sheets, gold, poly(ethylene 

terephthalate), and polyimide films exhibited a significant decrease in water contact angle 

compared to the bare or pure PDA-coated ones, indicating the successful incorporation of 

superhydrophilic zwitterionic sulfobetaine moieties into the coating materials. On the basis of 
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this novel coating strategy, the codeposition of dopamine with different monomers carrying 

opposite charges (e.g., acrylic acid and [2-(Methacryloyloxy)ethyl]trimethylammonium chloride) 

would be investigated in this work and the applications of the developed coating materials would 

also be explored. 

 

 

Figure 2.1 The synthesis process of PDA-based coatings using dopamine and acrylate 

monomers (Reprinted with permission from reference [8], © American Chemical Society). 

 

 



17 

 

2.2 Characterization of surface morphology using AFM imaging 

In this thesis project, the morphology of the polymer film and PDA coating will be 

characterized by the MFP-3D AFM system (Asylum Research, Santa Barbara, CA, USA. AFM 

contains piezoelectric scanners, force transducers, and feedback controllers to produce a 

nanometre-scale resolution, which meets the requirement of this project to characterize the nano-

scale morphology. Basically, the piezoelectric transducer controls the movement of the tip over 

the sample surface, the force transducer senses the force between the tip and the surface, and the 

feedback control receives the transmitted error signals from the force transducer back to the 

piezoelectric scanners, to maintain the setpoint for force between the tip and the sample. For 

AFM imaging in tapping mode, a piezoelectric transducer drives the oscillation of cantilever, as 

shown in Figure 2.2 [11]. The oscillating cantilever is driven to approach sample surfaces until a 

proper height is reached. While performing a tapping mode for imaging, tips are intermittent-

contact with surfaces [12]. The interaction between tips and surfaces will certainly change the 

amplitude of the tips, resulting in a difference between the input and output signals for the 

calculation of the relative surface morphology. Considering the softness of the polymer-based 

materials, imaging in tapping mode is preferred to avoid the direct contact between the tip and 

sample surface. The silicon probe (NCHV-A, Bruker) is respectively used for tapping mode 

imaging in air to optimize the parameters of the coating conditions. The topography and 

roughness of the coating materials could be analyzed from the obtained AFM topographic 

images. According to the results from AFM images, the composition of the coating solution 

would be adjusted to improve the coverage and uniformity of the coatings which is significant to 

their surface and interfacial properties. 

 



18 

 

 

Figure 2.2 The schematic drawing of a AFM setup in tapping mode including the laser, scanning 

probe, detector, and feedback control system. (Reprinted with permission from reference [11], © 

Springer).  

2.3 Drop-probe AFM techniques for force measurement 

Surface force measurement is significant to characterize the interaction mechanisms 

between a soft oil/water interface and the surface of coating materials. The interaction forces 

between a surfactant-stabilized oil droplet and the coated surfaces will be measured through 

droplet probe AFM techniques using the force modulation of MFP-3D AFM system (Asylum 

Research, Santa Barbara, CA, USA). During the force measurement experiments, the oil droplets 

will be generated by a custom-made ultrasharp glass pipet and immobilized on a glass disk in an 

aqueous solution where one of the droplets will be picked up with a hydrophobized rectangular 

AFM cantilever as shown in Figure 2.3. Then, the cantilever-anchored droplet will be moved to 

the place above substrate surfaces in solutions for force measurements [13]. The force 
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measurements will be conducted at a constant driving velocity and the transmitted signal of 

interaction forces will be recorded as a function of time by the Asylum Research system [14-16]. 

 

Figure 2.3 Schematic of typical experimental setup for surface force measurements between an 

oil drop and a substrate in aqueous solution using the drop probe AFM technique. The top inset 

shows the central interaction region between an oil drop and a flat substrate, and the left inset 

shows a microscopic image of a typical drop probe prepared (scale bar = 100 μm). (Reprinted 

from reference [12] with the permission, Energy & Fuels 2018) 
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CHAPTER 3. Modulating Surface Interactions for Regenerable Separation of 

Oil-in-Water Emulsions 

3.1 Introduction 

Oily wastewater, discharged by industrial production, such as the processing of crude oil 

and petrochemicals, is becoming a challenging problem due to environmental pollution and 

fouling issues. In general, oils in oily wastewater exist in three states, namely, floating state (oil 

spill), surfactant-free oil/water mixtures and surfactant-stabilized oil-in-water (O/W) emulsions 

according to the presence of interface-active chemicals. Compared to the surfactant-free 

oil/water mixtures, which are capable of autonomously coalescing and undergoing oil-water 

phase separation, O/W emulsions with surfactants are generally much more stable because of the 

interfacially adsorbed surfactants preventing the coalescence behaviors of emulsion drops, hence 

causing significant difficulties in the separation of dispersed oil phase from aqueous system [1-4]. 

Compared to the traditional separation methods such as flotation, biological and electrochemical 

treatment, membrane filtration possesses the advantages of high oil removal efficiency, low 

operation cost, and less secondary pollution. Thus, the membrane filtration method has been 

commonly utilized for O/W emulsion separation. However, membrane materials for filtration 

invariably suffer from fouling issues due to the adsorption of surfactants and oil drops on the 

membrane surface, resulting in the decline of permeation water flux and oil/water separation 

efficiency [5-9]. Therefore, it is highly desirable to develop antifouling strategies and materials 

for fabricating functional membranes for efficient separation of O/W emulsions.  

In order to effectively inhibit the occurrence of membrane fouling, it is rational to generate 

strong repulsion between the potential foulants and membrane surface. In previous research, 
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different antifouling strategies have been developed, for example, via introducing hydrophilic 

components on the material surface including polyethylene glycol and titanium oxide 

nanoparticles as well as constructing hierarchical structure at nanoscale to trap abundant water as 

the physical barrier (hydration layer within several nanometers) [10-13]. Long-range surface 

interactions, such as electrostatic interactions allow the membranes to interact with the possible 

foulants at large separation distance of tens or even hundreds of nanometers, possibly preventing 

their attachment. Previous studies reported the effect of electrostatic repulsion on the emulsion 

filtration performance of separation membranes under fixed conditions [8, 14, 15]. However, 

studies on the dynamic adsorption behaviors and interaction mechanisms of surfactant-stabilized 

O/W emulsions with membrane surfaces are rather limited in the literature [16-20]. In practical 

cases, the interface-active chemicals from the oily wastewater are complicated which could make 

the oil/water interfaces carry different charges. Herein, developing antifouling materials with 

tunable electrostatic interactions is important to obtain the on-demand separation in response to 

the surface characteristics of target emulsions. Therefore, it is of both fundamental and practical 

importance to investigate the interaction mechanisms between emulsion drops and membrane 

possessing tunable surface charge property, which will provide useful implications for 

developing intelligent membrane materials for efficient oil/water separation. 

Different methods have been reported to introduce charged functional polymers on 

material surfaces for modification, including photo-grafting, chemical vapor deposition, and 

surface-initiated atomic transfer radical polymerization (ATRP) [11, 21-23]. Recently, a mussel-

inspired codeposition method of polydopamine (PDA) with functional polymers or acrylate 

monomers has been widely exploited for surface modification applications, for example, 

functionalizing nanoparticles, membranes, and sponges [24-30]. During the codeposition process, 
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PDA could act as both the anchoring point to the materials surface via catechol groups and the 

polymerization initiator due to the semiquinone-free radicals generated by the oxidation of the 

dopamine (DA) monomer in saline solution to trigger the polymerization of acrylate monomers. 

The obtained PDA-polymer composites turn to form a uniform coating layer to modulate the 

surface properties such as surface hydrophilicity and charge [31-33]. Compared to the 

conventional coating strategies, PDA codeposition-based strategy has the merit of being robust 

and versatile as a one-step polymerization and codeposition without extreme operating 

conditions which is promising for the scale-up of manufacturing functionalized materials with 

tunable surface charge for the practical separation of O/W emulsion.  

Herein, inspired by the universal interfacial adhesion of marine mussels, we report a facile 

and scalable surface modification strategy to construct an adaptive antifouling coating on 

polyvinylidene fluoride (PVDF) membrane using PDA codeposition with cationic {2-

(methacryloy-loxy)ethyl}trimethylammonium chloride (MTAC) and anionic acrylic acid (AA). 

The surface charge property of the obtained PDA-PAA-PMTAC coating can be tuned by 

adjusting the solution pH, which leads to the protonation/deprotonation of carboxylic functional 

groups on the surface. Zeta potential and contact angle measurements were used to characterize 

the surface charge property and wettability of the obtained coating. Atomic force microscope 

(AFM) drop probe technique was used to measure the surface forces between surfactant-

stabilized emulsion droplets and the PDA-PAA-PMTAC coating under aqueous conditions with 

a series of pH values, aiming at unraveling the fouling/antifouling mechanisms for the membrane 

filtration. Vacuum filtration tests of the PDA-PAA-PMTAC-coated membrane were also 

conducted with O/W emulsions stabilized by different surfactants (i.e., CTAB and SDS). 

Particularly, the influence of solution pH on the water permeability and selectivity was 
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investigated. Our work provides useful insights into the fundamental interaction mechanisms 

associated with fouling and antifouling issues of surfactant-stabilized O/W emulsions on 

membrane surfaces as well as the development of functional membrane surfaces to eliminate the 

fouling problems. 

3.2 Experimental Section 

3.2.1 Materials 

Dopamine hydrochloride, acrylic acid (AA), 2-methacryloyloxy ethyl trimethylammonium 

(MTAC), and silicon wafers were purchased from Sigma-Aldrich (Canada). Polyvinylidene 

fluoride (PVDF) membrane (diameter ~ 47mm, mean pore size ~ 0.22 μm), tris(hydroxymethyl)-

aminomethane (Tris), sodium chloride, sodium hydroxide, ethanol, acetone, sodium dodecyl 

sulfate (SDS), and cetrimonium bromide (CTAB) were purchased from Fisher Scientific 

(Canada). Ultrafiltrated water used in all the experiments was generated by the Barnstead 

Smart2Pure pro water purification system (Thermo Scientific) with a resistivity of 18.2 MΩ·cm. 

3.2.2 Preparation of PDA-PAA-PMTAC coating on silicon wafer and PVDF membrane 

Silicon wafers were thoroughly washed repeatedly by water/ethanol and then placed in an 

ultraviolet (UV)/Ozone surface cleaner for 10 min. The PVDF membranes were washed by 

acetone overnight to remove the adsorbed impurities followed by the cleaning of ultraviolet 

(UV)/Ozone surface cleaner for 10 min. 2 mg/mL DA, 5 mmol/mL AA, and 10 mmol/mL 

MTAC monomers were all dissolved in 10 mM Tris buffer (pH 8.5) to prepare the coating 

solution. The cleaned silicon wafers and PVDF membranes were firstly pre-wetted by Tris buffer 

solution and then immersed into the coating solution at 25°C. The solutions were shaken using 

an oscillator and the coating time was 0.5 h and 8 h, respectively. Subsequently, the PDA-PAA-
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PMTAC-coated silicon wafers and PVDF membranes were thoroughly washed by ethanol/water 

alternatively for 3 times and dried in a vacuum oven at 60 °C for 2 h.  

3.2.3 Surface characterization 

The surface morphology of as-fabricated PDA-PAA-PMATC-coated silicon wafer was 

characterized by imaging using an MFP-3D atomic force microscope (AFM) system (Asylum 

Research, Santa Barbara, CA, USA) with bare and pure PDA-coated silicon wafers as the 

comparison. The surface morphology and the element distribution of as-fabricated PDA-PAA-

PMTAC-coated PVDF membrane substrate were characterized by a field-emission scanning 

electron microscope (SEM) (Zeiss Sigma 300 VP-FESEM, Germany) with an energy-dispersive 

X-ray spectroscopy (EDS) at the electron acceleration voltage of 10.2 keV. X-ray photoelectron 

spectrometer (XPS) and Fourier transform infrared (FTIR) spectrometer (Thermo Scientific 

Nicolet, iS50 FT-IR) were applied to identify the chemical functional groups of the coating 

materials on PVDF membrane. The surface charge property of the coating materials was 

analyzed by the zeta potential measurements of PDA-PAA-PMTAC coating on silica 

nanoparticles (diameter ~ 12 nm) using a Zetasizer Nano ZSP system (Malvern Panalytical, 

NANO, United Kingdom). The wetting property of the PDA-PAA-PMTAC coating was 

evaluated via the underwater oil contact angle (OCA) measurements (contact angle goniometer, 

Ramé-Hart instrument, NJ) in NaCl aqueous solution at different pH. Specifically, a surfactant-

stabilized (CTAB or SDS) toluene droplet was generated and introduced underneath the coating 

surfaces using a J-shape inverted needle. The contact angle was measured after the droplet was 

gently attached to the surfaces and stabilized for 5 s. 
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3.2.4 Oil/water separation experiment 

The PDA-PAA-PMTAC-coated PVDF membrane was applied in the separation 

performance tests of surfactant-stabilized O/W emulsions. The surfactant-stabilized toluene-in-

water emulsions (containing 5 wt.% toluene and 200 ppm CTAB or SDS surfactant) and 

cyclohexane-in-water emulsions (containing 5 wt.% cyclohexane and 200 ppm CTAB or SDS 

surfactant) were obtained by using a homogenizer (IKA T-18 Ultra Turrax, Germany) at 12, 000 

rpm for 10 min and used as the model emulsion solution for oil/water separation experiment. The 

drop size distribution and zeta potential of the as-prepared emulsions were characterized by the 

dynamic laser scattering (DLS) measurement using a Zetasizer Nano ZSP system (Malvern 

Panalytical, NANO, United Kingdom). In the separation experiment, the membrane prewetted by 

1 mM NaCl solution was placed in a dead-end membrane filtration setup. The oil/water 

separation performance test was initiated by directly flowing emulsion solution through the 

membrane [34, 35]. The permeation water flux ( J , L·m-2·h-1·bar-1) is calculated according to Eq. 

(1): 

V
J

S t
=

 
                                                                                                                                  (1) 

where V  is the volume of permeation water, S  is the effective separation area of the membrane, 

t  is the permeation time,   is the pressure difference between ambient and evacuation 

pressure. 

The filtrates were collected and then the total organic carbon (TOC) analysis (SHIMADZU 

ASI-L, Japan) was conducted to calculate the oil separation efficiency ( ) based on the initial 

( iC ) and final ( fC ) oil content according to Eq. (2): 
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3.2.5 Force measurement using drop probe AFM technique 

The interaction forces between oil droplets (i.e., toluene) with CTAB or SDS adsorbed at 

the interface and PDA-PAA-PMTAC-coated silicon surfaces in NaCl solutions were directly 

measured by the AFM drop probe technique using an MPF-3D AFM (Asylum Research, Santa 

Barbara, CA, USA). The details of the experimental setup have been reported previously [16, 36, 

37]. For the preparation of the drop probe, oil droplets were generated by introducing toluene 

solution containing 200 ppm CTAB or SDS through a custom-made ultrasharp glass pipet on the 

glass substrate of AFM fluid cell, which was firstly filled with NaCl solution. Then, oil droplets 

on the fluid cell would stay for 20 min until the equilibrium of oil/water interface with surfactant 

is reached in saline solution, which was also confirmed by the interfacial tension measurement 

using a goniometer (Ramé-hart Instrument Company, USA). After that, one of the oil droplets 

with suitable size (radius ~50-100 μm) was carefully picked up by the AFM tipless rectangular 

cantilever with a circular gold patch on the end, which was hydrophobized by immersion in 10 

mM dodecane thiol in ethanol solution overnight. Finally, the drop-anchored cantilever (drop 

probe) was moved and located over the PDA-PAA-PMTAC-coated silicon substrate in the fluid 

cell for force measurements. The spring constant of the AFM cantilever was calibrated to be 0.3-

0.4 N/m using the Hutter and Bechhoefer thermal tune method [38]. During the force 

measurement, the drop probe was driven to approach the silicon substrate at a fixed velocity until 

a pre-set deflection was detected, and then retracted from the surface. The interaction force was 

calculated based on the spring constant and the deflection of the cantilever by the Hooke’s Law.  
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3.2.6 Theoretical Analysis of Force Profiles 

A theoretical model based on the Stokes-Reynolds-Young-Laplace equations was applied 

to analyze the measured force profiles between a flat PDA-PAA-PMTAC-coated silicon surface 

and a deformable oil drop in aqueous solutions [36, 39, 40]. The augmented Young-Laplace 

equation is used to describe the deformation of the oil drop surface and correlation to the external 

pressure, e.g.  hydrodynamic pressure and disjoining pressure, given by Eq (3): 

2h
r p

r r r R

   
= − − 

  
                                                                                                        (3) 

where   is the oil/water interfacial tension at equilibrium state, r is the radical coordinate of the 

oil drop, h  is the thickness of water film confined between the oil drop and the flat coating 

surface, R  is the radius of the oil drop, p  and   are the hydrodynamic and disjoining 

pressure, respectively. The disjoining pressure   generally includes the surface interactions 

such as van der Waals (VDW) interaction and electrical double layer (EDL) interaction, given by 

Eq. (2-4), respectively: 

+...VDW EDL= +                                                                                                  (2) 
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where HA  is the Hamaker constant between the oil drop and substrate surface in NaCl solution; 

  is the inverse of the Debye length, 0  is the vacuum permittivity,   is the dielectric constant 



29 

 

of the aqueous solution, oil  and surface  are the surface potentials of the oil drop and coating 

surface, respectively. VDW  and EDL  are the disjoining pressure components due to the VDW 

and EDL interactions, respectively. The inverse of the Debye length is given by Eq. (5): 

2

0

0 B

e

k T







=                                                                                                           (5) 

where 0  is the number density of ions in NaCl solutions, e  is the elementary electric charge, T 

is temperature, and Bk  is the Boltzmann constant. 

The drainage behavior of confined water film between the oil drop and the flat surface (oil-

water-surface system) is described by the Reynolds lubrication theory: 

3

12

h p
rh

t r r r

   
=  

   
                                                                                             (6) 

Here,   is the viscosity of the NaCl solutions and t is time. The overall interaction force 

between the oil drop and coating surface F(t) can be determined by the integration of the 

hydrodynamic pressure p  and the disjoining pressure   according to the Derjaguin 

approximation, given by Eq. (7): 

( ) ( )
0

( ) 2 , ,F t p r t r t rdr


= +                                                                                           (7) 

3.3 Results and discussion 

3.3.1 Synthesis and characterizations of PDA-PAA-PMTAC coating 

PDA-PAA-PMTAC coating materials with both negatively charged carboxylic group (-) 

and positively charged quaternary ammonium (+) moieties have been deposited on silicon wafer 
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surfaces. Figure 3.1a illustrates the fabrication process of PDA-PAA-PMTAC coating on silicon 

wafer surfaces. Under mild alkaline aqueous conditions of pH 8.5, DA could oxidize to generate 

semiquinone radical species, serving as the initiators for the polymerization of AA/MTAC 

monomers as well as the formation of PDA. The surface morphologies of the pure-PDA and 

PDA-PAA-PMTAC-coated silicon wafer surfaces were characterized by topographic AFM 

imaging as shown in Figure 3.1 b-d, using bare silicon wafer as the reference (Figure S1). 

Compared to the pure-PDA coating which exhibits relatively larger particles or aggregates on the 

substrate with the root mean square (RMS) roughness around 5.7 nm (Figure 3.1b), the PDA-

PAA-PMTAC coating is rather smooth and homogeneous with the RMS roughness around 1.2 

nm (Figure 3.1c). This AFM results could be well explained by previous studies that the 

copolymerization of the AA and MTAC monomers with DA could mediate the self-aggregation 

of PDA and enhance the uniformity of the coating layer [31]. The obtained PDA-PAA-PMTAC 

coating on silicon wafer with nanoscale roughness is appropriate for the surface force 

measurement to investigate the intrinsic interaction mechanisms of coating surface using toluene 

droplet (radius ~ 50-100 μm)-anchored probe. The water wettability of the pure-PDA and PDA-

PAA-PMTAC coating surfaces was evaluated by water contact angle (  W/A ) measurement in air 

shown in Fig. 1d-e. The measured  W/A is less than 10° showing that the PDA-PAA-PMTAC 

coating could be readily wetted by water in air (Figure 3.1e), whereas the  W/A on pure-PDA 

coating is around 30° (Fig. 1d), which is consistent with the result for pure-PDA and PDA-

polyelectrolyte coatings reported previously [32]. The chemical composition of pure-PDA and 

PDA-PAA-PMTAC coating was characterized by X-ray photoelectron spectroscopy (XPS) as 

shown in Fig. S2. The characteristic peaks associated with the N-C2, O-C=O and N-(CH3)
3+ 

indicate the successfully depositing of PDA with AA/MTAC segments into the coating materials 
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[41]. The surface charge property of the PDA-PAA-PMTAC coating was characterized by zeta 

potential measurements at different solution pH, as shown in Figure 3.1f. The zeta potential of 

the PDA-PAA-PMTAC coating varies from + 34 mV at pH 4 to -39 mV at pH 10 with the 

isoelectric point (IEP) approximately at pH 6.8, implying the feasible surface charge adjustment 

with pH. The alternation of the surface charge is most likely due to the protonation/deprotonation 

of the carboxyl groups on the AA segments in the coating materials. The above results indicate 

that the AA and MTAC moieties were successfully incorporated in the PDA-PAA-PMTAC 

coating via the co-deposition strategy. 
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Figure 3.1 (a) Schematic of for the fabrication of PDA-PAA-PMTAC coatings on silicon wafer 

substrate; Topographic AFM images of (b) pure-PDA coating (RMS roughness ~ 5.7 nm) and (c) 

PDA-PAA-PMTAC coating (RMS roughness ~ 1.2 nm) on silicon wafer; water contact angle of 

(d) pure-PDA and (e) PDA-PAA-PMTAC-coated silicon wafer in air; (f) Zeta potential of PDA-
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PAA-PMTAC (black) coating on the silica nanoparticles in 1 mM NaCl solution at different pH 

value. 

3.3.2 Interaction between emulsion droplet and PDA-PAA-PMTAC coating 

The interaction force between toluene droplet with 200 ppm CTAB and PDA-PAA-

PMTAC-coated silicon wafer surface was firstly measured in 500 mM NaCl solution at pH 7. 

Figure 3.2a illustrates the schematics of the drop-surface AFM force measurement experiment 

with the microscopic image of a typical drop probe. As shown in Figure 3.2b, a sudden “jump-

in” behavior was detected after overcoming a very weak repulsion of ~ 0.8 nN during the 

approaching of the toluene droplet to the coating surface, which indicated that the toluene droplet 

immediately detached from the AFM cantilever and attached onto the coating surface. This 

attachment behavior was also directly observed from the inverted microscope, as illustrated in 

Figure 3.2c. According to the classic Derjaguin-Landau-Verwey-Overbeek (DLVO) theory, both 

the VDW force and EDL force contribute to the force profile between the toluene droplet and 

substrate surface in aqueous solution. In 500 mM NaCl solution, the Debye length was calculated 

to be 0.43 nm according to Eq. (5), suggesting that the electric double layer is significantly 

suppressed in such high salinity (i.e., 500 mM NaCl). Thereby, the effect of electrostatic 

interaction was minimized and the very weak repulsion measured during approaching was due to 

the hydrodynamic repulsion at the moving velocity 1 µm/s. The attractive VDW force dominates 

the surface interaction and accounts for the attachment behavior. Varying the solution pH with 

high salinity will lead to the minimum influence to the interaction between emulsion droplets and 

the coating surface. Therefore, in this work, solutions of the low salinity with varying pH and the 

high salinity with natural pH have been involved. The theoretical fitting of the surface force 
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profile gives a Hamaker constant of 6.8 × 10−20 J for the oil-water-coating system in this work 

shown in Figure 3.2b. 

Figure 3. 2d, 2e, and 2f show the interaction force profiles between the toluene droplet 

with 200 ppm CTAB and the PDA-PAA-PMTAC-coated substrate in 1 mM NaCl solutions at 

pH 8, 6, and 4, respectively. The force profile in Figure 3. 2d and 2e is similar to that in 500 mM 

NaCl solution. There was a weak repulsion of 1 nN at pH 8 and 2.3 nN at pH 6, respectively, 

before the toluene droplet jumped into contact with the substrate surface. However, the force 

profile is quite different at pH 4. The toluene droplet was pressed onto the substrate surface by 

the AFM cantilever till the pre-set maximum loading force of 8 nN was applied, and no 

attachment behavior occurred. Then the droplet was withdrawn from the surface to original 

position with no obvious adhesion detected. Instead of the attachment behavior occurred during 

the approaching process after a weak repulsion in Figure 3. 2d and 2e, the force profile during 

both approaching and retracing process was measured in Figure 3.2f and only pure repulsion was 

detected between the toluene droplet and the PDA-PAA-PMTAC coating surface. In low salinity 

(e.g., 1 mM NaCl solution), the Debye length 
1 −
 is ~ 9.6 nm. Thus both the VDW and EDL 

interactions play an important role in the drop-water-surface system. Since the alteration of the 

solution pH has very limited influence on the VDW force and the hydrodynamic interaction is 

close due to the similar droplet size and moving velocity in different measurements, it can be 

concluded that the EDL interaction between the toluene droplet and the coating surface becomes 

more repulsive when the solution pH changes from 8 to 4. The experimental force profiles were 

also theoretically analyzed using the Stokes-Reynolds-Young-Laplace model, and the fitting 

results are shown as solid curves in Figure 3.2d-f. The zeta potential values of the CTAB-

stabilized emulsions under the three pH conditions were taken approximately as the surface 



35 

 

potentials of the drops in the theoretical calculations (Table S1). The fitted surface potentials of 

PDA-PAA-PMTAC-coated silicon surface are -18 mV, +16 mV, and +36 mV at pH 8, 6 and 4, 

respectively, which agree well with the zeta potentials of PDA-PAA-PMTAC-coated silica 

particles in 1 mM NaCl at the same pH (Table 1). The theoretical result indicates that decreasing 

the solution pH leads to more positive surface potential of the toluene droplet and the coating 

surface, which then attribute to the enhanced electrical double layer repulsion between the 

toluene droplet and the PDA-PAA-PMTAC coating surface. The toluene droplet with CTAB 

adsorbed at the oil/water interface carries positive surface potential due to the presence of 

quaternary ammonium group in the CTAB molecule, while the PDA-PAA-PMTAC coating 

surface has an isoelectric point of ~pH 6.8. Thus, the EDL interaction between the toluene 

droplet and the coating surface changed from attraction at pH 8 to repulsion at pH 6, and further 

to strong repulsion at pH 4. At pH 8, even though both the VDW and EDL forces are attractive, 

the measured force profile still exhibits slightly repulsive due to the weak hydrodynamic 

repulsion. The above results demonstrate that interaction forces between the toluene droplets 

with CTAB and the PDA-PAA-PMTAC coating can be effectively affected by surface charges, 

as facilely tuned by varying solution pH.  
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Figure 3.2 (a) Schematic of a typical drop-surface AFM force measurement using the drop probe 

AFM technique and microscopic image (inset) of a typical drop probe; (b) Experimentally 

measured interaction force profiles of a toluene droplet with 200 ppm CTAB and a PAA-PDA-

PMTAC coating in 500 mM NaCl at pH 7 with (c) microscopic images of the droplet attachment; 

Experimentally measured interaction force profiles (open symbols) of a toluene droplet with 200 

ppm CTAB and a PDA-PAA-PMTAC coating in 1 mM NaCl solutions at pH value of (d) 8, (e) 

6, and (f) 4, as well as the theoretical fitting results (red solid curves). 

The surface interactions between toluene droplet with 200 ppm SDS and the PDA-PAA-

PMTAC-coated substrate were also investigated through force measurements at pH 6, 8 and 10 

in 1 mM NaCl solution, as shown in Figure 3. Figure 3.3a and 3b show the similar force profiles 

with that in Figure 3.2d and 2e. A critical repulsion of 1.2 nN at pH 6 and 3.3 nN at pH 8 was 

overcome before the toluene droplet jumped into contact with the coating surface during the 
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approaching of oil drop to the coating surface in 1 mM NaCl solution. While Figure 3.3c shows 

that only repulsive interaction was measured until the maximum loading force of 8 nN reached 

during the approach and the toluene droplet retracted from the coating surface with no obvious 

adhesion detected. The experimental force profiles were theoretically analyzed using the Stokes-

Reynolds-Young-Laplace model. The zeta potential values of the SDS-stabilized oil drops in 1 

mM NaCl at different pH conditions were approximately taken as the surface potentials in the 

calculation (Table 3.S2). The theoretical fittings (solid curves in Figure 3.3) show that the 

surface potentials of the PDA-PAA-PMTAC coating are +16 mV, -18 mV, and -42 mV in 1 mM 

NaCl at pH 6, pH 8, and pH 10, respectively, which is also consistent with the zeta potential 

results measured for the PDA-PAA-PMTAC coating on silica particles in 1 mM NaCl (Table 3-

1). The results in Figure 3 indicate that the SDS-stabilized oil drop-coating surface interactions 

during the approach process become more repulsive with increasing the aqueous pH, which was 

mainly due to their enhanced EDL repulsion, and that the coating surface turns from positively 

charged to negatively charged. At pH 10, both surfaces are strongly negatively charged, that the 

EDL repulsion becomes so strong that the drop could not attach to the coating. Figure 3.4 shows 

the contribution VDW pressure, EDL pressure, and the hydrodynamic pressure at pH 6 and 10. It 

is evident that the attractive VDW and EDL interaction render the attachment of toluene droplet 

with SDS to the PDA-PAA-PMTAC coating surface at pH 6. Then, the repulsive hydrodynamic 

pressure accounts for the measured weak repulsion before the attachment behavior in Figure 3.3a. 

At pH 10, the repulsive EDL interaction combined with the hydrodynamic repulsion is much 

stronger than the attractive VDW attraction, thus preventing the attachment of toluene droplet on 

the coating surface. In the inset of Figure 3.4a, the critical central separation before oil 

attachment was calculated to be 17.2 nm, where the central portion of drop surface formed a 
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“pimple” shape resulted from the overall attraction that exceeded the Laplace pressure inside the 

oil drop. For the case at pH 10, under the maximum load force applied (i.e., ~8 nN), a layer of 

water with minimum thickness hmin ~ 38 nm was still confined between the oil drop and coating 

surface, preventing their attachment, as illustrated in the inset of Figure 3.4b. Accordingly, 

measured interaction force and calculated pressure profiles of pure toluene droplet with PDA-

PAA-PMTAC coating are also presented as the reference (Figure 3.S7) in low saline solution (1 

mM NaCl) of pH 6 and 10 as well as high salinity (500 mM NaCl) of neutral pH, respectively. 

Compared to the case of charged surfactant-stabilized toluene droplet interacting with the surface 

coating, the electrostatic interaction between pure toluene droplet and the surface coating is 

reduced due to the lower surface potential. However, the drop-surface interaction could still be 

facilely modulated by EDL interaction via solution pH adjustment to help prevent the attachment 

of pure toluene droplet onto the coating surface in low salinity solution. Meanwhile, in the high 

salinity, the contribution of the electrostatic interaction is minimized due to the suppressed 

electric double layer and drop-surface interaction is determined by the attractive VDW and 

repulsive hydrodynamic interaction. 
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Figure 3.3 Experimentally measured interaction force profiles (open symbols) of a toluene 

droplet with 200 ppm SDS and a PDA-PAA-PMTAC coating in 1 mM NaCl solutions at pH 

value of (a) 6, (b) 8, and (c) 10, and the theoretical fitting results (red solid curves). 

 

Figure 3.4 Calculated profiles of VDW disjoining pressure, EDL disjoining pressure, and 

hydrodynamic pressures between a toluene droplet with 200 ppm SDS interacting with a PDA-

PAA-PMTAC coating surface at the central position of the droplet in 1 mM NaCl solution at pH 

value of (a) 6 and (b) 10, respectively. The inset illustrates the calculated drop profile at 

maximum force load during the approach process where a layer of water with minimum 

thickness hmin (at central point) was confined between the oil droplet and coating surface.  
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Table 3-1 Comparison of the theoretically fitted surface potential values of the PDA-PAA-

PMTAC coating and the measured zeta potential data of silica nanoparticles coated with PDA-

PAA-PMTAC in 1 mM NaCl under various pH conditions. 

pH Fitted surface potential (mV) Zeta potential data (mV) 

4 +36 ± 5 +34 ± 3 

6 +16 ± 5 +10 ± 1 

8 -18 ± 5 -14 ± 2 

10 -42 ± 4 -39 ± 4 

 

The effect of hydrodynamic interaction was also investigated by conducting the force 

measurements at different approaching velocities. Taking the case in 1 mM NaCl at pH 10 as an 

example, Figure 3.5a and 5b show the measured interaction force profiles (open symbols) of a 

toluene droplet with 200 ppm SDS and the PDA-PAA-PMTAC coating surface at both the low 

(0.5 μm/s) and high approaching velocity (10 μm/s), respectively and the theoretical force curves 

(red solid lines) calculated based on the Hamaker constant ( HA  = 6.8×10-20 J) and surface 

potentials ( oil = -68 mV and surface = -42 mV), which clearly show the good agreement with 

each other. It is evident that the pressure contributed by the hydrodynamic repulsion is greatly 

strengthened at high approaching velocity of 10 μm/s and prevents the approaching of toluene 

droplet as shown in Figure 3.5d. For the case that the drop movement (or flow condition) is 

intensive, the hydrodynamic interaction acts as a “long-range repulsion” compared to EDL 

interaction, and the repulsive drop-surface interaction is contributed by the synergistic effect of 
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the hydrodynamic and EDL repulsion. It is also noted that an obvious attraction was measured 

during the retraction process in Figure 3.5c which is mainly due to the hydrodynamic “suction” 

effect at high velocity (10 μm/s). To further probe the role of hydrodynamic repulsion, the 

hydrodynamic pressure and the confined water film thickness at the central point between the 

toluene droplet with SDS and the PDA-PAA-PMTAC coating surface with varied velocities in 1 

mM NaCl of pH 10 were calculated and illustrated in Figure 3.6a and 6b, respectively. With the 

approaching velocity increasing from 0.5 to 30 μm/s, the hydrodynamic pressure and the 

thickness of the confined water film are rising gradually from 18 to 950 Pa and 38 to 63 nm, 

respectively, under same maximum load of ~ 8 nN. Herein, the accelerated approaching velocity 

leads to the strengthened hydrodynamic repulsion and the thickened confined water film 

thickness, thus preventing the attachment of toluene drops onto coating surface. 
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Figure 3.5 Interaction force profiles (open symbols) measured and the theoretically predicted 

curves (solid curves) between a toluene droplet with 200 ppm SDS and a PDA-PAA-PMTAC 

coating surface in 1 mM NaCl solution of pH 10 at approaching velocity of 0.5 (a) and 10 (c) 

μm/s with the calculated pressure profiles derived from VDW, EDL, and hydrodynamic 

interactions at the central points of the drops at approaching velocity of 0.5 (b) and 10 (d) μm/s, 

respectively. 
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Figure 3.6 (a) Calculated profiles of hydrodynamic pressures between a toluene droplet with 200 

ppm SDS interacting with a PDA-PAA-PMTAC coating surface at the central position of the 

drop in 1mM NaCl solution of pH 10 at different approaching velocity of 0.5, 1, 2, 5, 10, 15, and 

30 μm/s; (b) the calculated drop profile at maximum force load during the approach process 

where a layer of water with minimum thickness hmin (at central point) was confined between the 

oil drop and coating surface. 

3.3.3 Characterization of PDA-PAA-PMTAC-coated PVDF membrane 

The PDA-PAA-PMTAC coating was further deposited on the PVDF membrane substrate 

to test its potential application in oil/water separation. The SEM images of the cross-sectional 

area of the pristine, pure-PDA, and PDA-PAA-PMTAC-coated PVDF membrane surface 

corresponded to the filtration process are shown in Figure 7. Compared to the pristine PVDF 

membrane shown in Figure 3.7a and 7d, PDA composites are agglomerated in large quantities on 

the membrane substrate surface (Figure 3.7b and 7e) which is analogous to the morphology 

observed on the topographic AFM images of pure PDA coating on the flat silicon wafer surface. 

Meanwhile, the PDA-PAA-PMTAC coating on the porous PVDF membrane surface exhibits a 
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high uniformity with less agglomeration (Figure 3.7c and 7f). Figure 3.7g and 7h also show the 

element distribution of the pure-PDA and PDA-PAA-MTAC coatings evaluated using EDS 

mapping at the same locations of Figure 3.7c and 7f, respectively. The mass fraction of the 

carbon (C), fluorine (F), oxygen (O), and nitrogen (N) was 64.3, 32.9, 1.8, and 1 wt.% on pure-

PDA coating, as well as 65.8, 25.9, 4.7, and 3.7 wt.% on PDA-PAA-PMTAC coating (Table 

3.S3), respectively. Compared to the EDS results of pure-PDA coating on the membrane surface, 

the increased mass fraction of oxygen and nitrogen and decreased fraction of fluorine could be 

attributed to the codeposition of AA and MTAC monomers with DA to intermediate the self-

aggregation of PDA, forming a compact and homogeneous coating layer over the membrane 

substrate. The surface chemical functionality of the PDA-PAA-PMTAC coating on PVDF 

membrane surface was characterized using FTIR spectrum shown in Figure 3.7i. The 

transmittance peaks associated with the PDA coating (spectrum in red line) were observed at 

1650 cm-1 for the aromatic C=C skeleton stretching vibration and 1280 cm-1 for the phenolic C–

O–H stretching vibration, while the peaks of the PDA-PAA-PMTAC coating (spectrum in black 

line) at 920 cm-1 and 1740 cm-1 corresponded to the quaternary ammonium C-N+(CH3)3 and 

carboxylic C=O stretching vibration, respectively [42-44]. From the SEM/EDS and FTIR 

analysis, the PDA-PAA-PMTAC coating has been successfully deposited on the membrane 

surfaces and still maintains the porous structure of the PVDF substrate.  
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Figure 3.7 SEM images of (a) pristine (b) PDA-coated, and (c) PDA-PAA-PMTAC-coated 

PVDF membrane at 10k X magnification; SEM images of (d) pristine, (e) PDA coated, and (f) 

PDA-PAA-PMTAC-coated PVDF membrane at 50k X magnification; EDS mapping and 

analysis of C, F, O, and N element on (g) PDA-coated and (h) PDA-PAA-PMTAC-coated PVDF 

membrane at the same locations of (c) and (f) at 10 kV; (i) FTIR spectra of the PDA (red) and 

PDA-PAA-PMTAC (black) coating on the PVDF membrane surface. 

 

The wettability of the surfactant-stabilized toluene droplets on the PDA-PAA-PMTAC 

coating was evaluated by measuring the underwater oil contact angle (OCA) measurement in 1 

mM NaCl solution at different solution pH (Figure 3.8). As shown in Figure 3.8a, the underwater 
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OCA of toluene droplet with 200 ppm CTAB decreased from 165 ° to 97 o with the solution pH 

from 4 to 8. However, for the toluene droplet with 200 ppm SDS, the underwater OCA increased 

from 102 o to 166 o with the solution pH from 6 to 10, as illustrated in Figure 3.8b. For both the 

CTAB and SDS toluene droplets, an impressive non-sticking phenomenon was observed when 

the toluene droplets with 200 ppm surfactant were ejected and brought to contact with the 

membrane surfaces (Video S1), indicating a superior antifouling property to the surfactant-

coated emulsion drops. This phenomenon could be correlated to the strong electrostatic repulsion 

between the toluene droplet and PDA-PAA-PMTAC coating surface. Herein, the results from the 

underwater OCA measurement indicate that the wettability of the charged oil drops on PDA-

PAA-PMTAC coating could be facilely tuned by adjusting the solution pH which could be 

mainly ascribed to the modulated electrostatic interaction between the charged oil droplets and 

the PDA-PAA-PMTAC coating.  

 

Figure 3.8 Underwater oil contact angle (OCA) of toluene droplets in 1 mM NaCl solution 

containing (a) 200 ppm CTAB and (b) 200 ppm SDS at different pH. 
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3.3.4 Oil/water separation of PDA-PAA-PMTAC-coated PVDF membrane 

Figure 3.9a illustrates the schematic of the vacuum filtration setup with a piece of PDA-

PAA-PMTAC-coated membrane placed at the filter holder for oil/water separation. Optical 

images of the pristine and PDA-PAA-PMTAC-coated PVDF membrane are also shown in Figure 

3.9a. The effective separation area of the membrane is 6.15 cm2 and the pressure difference 

between ambient and evacuation pressure is 0.07 MPa. Typically, the prepared toluene-in-water 

emulsions (containing 5 wt.% toluene and 200 ppm CTAB or SDS surfactant) before filtration 

remain milky and stable, and the size distribution of the toluene droplets varied from 200 nm to 1 

μm with the average size of 500 nm (Figure 3.9b), which is comparable to the pore size of the 

PVDF membrane (average ~ 0.22 um). After filtration, the collected fluids after filtration 

exhibits transparent and clean, and the average size of toluene droplets decreases to 10 nm, 

which indicates the possible existence of the small amount of dissolved microdroplets and 

surfactant micelles residues. This result also suggests the excellent oil/water separation 

performance of the PDA-PAA-PMTAC-coated PVDF membrane. Figure 3.9c and 9d show the 

water permeation flux and oil removal efficiency for the oil/water separation of the CTAB and 

SDS-stabilized emulsions with varying solution pH, respectively. For the CTAB-stabilized 

emulsions, the water permeation flux decreases from 3021 L·m-2·h-1·bar-1 to 580 L·m-2·h-1·bar-1 

when the solution pH increases from 4 to 8. Meanwhile, an increase in permeation flux from 702 

L·m-2·h-1·bar-1 to 3340 L·m-2·h-1·bar-1 for the SDS-stabilized emulsions is observed when the 

solution pH increases from 6 to 10. The change of the permeation flux for membrane filtration 

with the solution pH could be the consequence of the altered surface forces between the toluene 

droplets with CTAB/SDS and PDA-PAA-PMTAC coating. The calculated oil removal 

efficiencies in both CTAB and SDS-stabilized emulsion cases were exceptionally high ranging 
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from 99.6% to 99.8%, implying that the toluene-in-water emulsions are successfully separated. 

The superior oil separation efficiency could be ascribed to the physical interception of the 

filtration membrane, also confirmed by the retention tests of the PDA-PAA-PMTAC membrane 

(Figure 3.S8). The optical images for the comparison of the feeding emulsion solution, the 

separated oil and water phases are shown in Figure 3.S10. In addition to toluene as one of the 

representative polar aromatic oils, the filtration test of cyclohexane-in-water emulsion using 

cyclohexane as one of the representative nonpolar alicyclic oils was also conducted. Both the 

cyclohexane-in-water emulsion stabilized by 200 ppm CTAB and SDS could form stable 

emulsions confirmed by IFT measurement, as shown in Figure 3.S5 and S6, respectively. The 

permeation water flux is increasing with the decreasing solution pH from 8 to 4 for CTAB-

cyclohexane emulsion and increasing pH from 6 to 10 for SDS-cyclohexane emulsion, as 

illustrated in Figure 3.S9, which is in consistence with the filtration results using toluene-in-

water emulsions. The above results indicate that the water permeability of the PDA-PAA-

PMTAC-coated membrane for filtrating charged emulsions could be facilely tuned by solution 

pH, which could also be correlated to the results of measured drop-surface interaction force 

profiles. At the beginning of the filtrating process when the movement surfactant-stabilized 

toluene droplets are intensive with water flux, the hydrodynamic interaction could effectively 

generate a repulsive force to prevent the approaching of droplets to the membrane surface. 

During filtration, the surfactant-stabilized toluene droplets gradually accumulate over the 

membrane surface, thus confining the movement of droplets, thus the hydrodynamic repulsion 

would be significantly weakened. Hence, the accumulated toluene droplets could get adsorbed on 

the membrane surface and lead to the blockage of the porous areas and the decrease of 

permeation water flux [45, 46]. By tuning the solution pH from 6 to 4 for the CTAB emulsions 
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and pH 6 to 10 for the SDS emulsions, strong electrostatic repulsion is modulated, preventing the 

deposition of the emulsion droplets to the membrane surface, resulting in the increased 

permeation flux of water. By applying this tunable surface forces-based filtration strategy, an 

outstanding separation performance is achieved for treating both the CTAB and SDS-stabilized 

emulsions with a water permeation flux of over 3000 L·m-2·h-1·bar-1 at pH 4 and 10, respectively, 

which is higher than most of the reported oleophobic membrane materials [17, 46-48]. 

 

Figure 3.9 (a) Schematic of the vacuum filtration setup with photography of pristine/PDA-PAA-

PMTAC-coated membrane, emulsion feed, and filtrate solution; (b) DLS size distribution of feed 
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emulsion and filtrate; Permeation water flux (bar chart) and oil removal efficiency (solid line) of 

(c) CTAB and (d) SDS emulsions at different solution pH. 

 

 

Figure 3.10 (a)-(c) Self-cleaning process of an oil-contaminated membrane; Cycling separation 

tests for PDA-PAA-PMTAC-coated PVDF membrane filtrating (d) CTAB emulsion (containing 
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5 wt.% toluene and 200 ppm CTAB) of 1 mM NaCl solution at different pH and (e) SDS 

emulsion (containing 5 wt.% toluene and 200 ppm SDS) of 1 mM NaCl solution at different pH; 

(f) Schematic showing the proposed antifouling mechanism of PDA-PAA-PMTAC coating for 

treating charged emulsions. 

Figure 3.10 a-c shows the self-cleaning process of PDA-PAA-PMTAC-coated membrane 

surface contaminated by toluene with 200 ppm SDS. The coated membrane was firstly 

contaminated by several toluene drops (dyed by Oil red O) and then immersed in 1 mM NaCl 

solution at pH 10. The photographs show that toluene droplets could spontaneously detach from 

the membrane surface and stay at the air/water interface, probably due to the long-range 

attraction between water molecules and AA/MTAC moieties in the coating for self-cleaning as 

well as the generated electrostatic repulsion [18, 24]. Meanwhile, the self-cleaning process of 

PDA-PAA-PMTAC-coated membrane is also evaluated at lower pH of 4 for toluene oils 

containing 200 ppm SDS, some oil residues was observed on the membrane surface probably 

due to the weaken the electrostatic repulsion between the oils and membrane surface. The 

complete self-cleaning process is illustrated in video S2.  

The cycling separation tests were conducted using the same vacuum filtration setup with 

the CTAB and SDS-stabilized emulsions at the varying solution pH. After each separation test of 

treating 100 mL CTAB/SDS emulsion, the membrane was rinsed by the 1 mM NaCl solution at 

the same pH value with the filtrating emulsion for 5 minutes and then used for the next oil/water 

separation cycle. As shown in Figure 3.10d and 10e, the water permeability was almost fully 

recovered in 1 mM NaCl solution at pH 4 for CTAB stabilized emulsion and at pH 10 for SDS-

stabilized emulsion, respectively. For comparison, the cycling separation tests were also 

conducted in 1 mM NaCl at pH 7 for both the CTAB and SDS cases. The water permeation flux 
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decreases gradually after each cycle and the residual permeating flux declines to 82% and 87% 

of the initiated flux after only 5 cycles for CTAB and SDS cases, respectively, at pH 7. The 

decline of the permeation water flux with the cycling tests could be ascribed to the adsorption of 

toluene droplets with surfactants that block the pore area of the membrane, also confirmed by the 

FTIR characterization (Figure 3.S12). Thereby, on the basis of the cycling separation tests, PDA-

PAA-PMTAC-coated membrane exhibits regenerable oil/water separation property for 

surfactant-stabilized emulsions under desired pH conditions, which also suggests its excellent 

antifouling property for the selective separation of the emulsions. By tuning the surface 

interaction through solution pH, the developed PDA-PAA-PMTAC coating could effectively 

resist the contamination of charged emulsions and regenerated in aqueous solution for the long-

term reusability of treating practical oily wastewater. The proposed antifouling mechanism is 

illustrated in Figure 3.10f. 

 

3.4 Conclusions 

In this work, a facile and scalable PDA-PAA-PMTAC coating was successfully fabricated 

and applied for membrane filtration of O/W emulsions protected with different surfactants via a 

tunable surface force-based strategy. The PDA-PAA-PMTAC coating is superiorly hydrophilic 

and shows a remarkable uniformity on different substrates such as silicon wafer and PVDF 

membrane compared to the bare-PDA coating. The surface charge of the PDA-PAA-PMTAC 

coating could be adjusted by the solution pH mainly due to the protonation/deprotonation of 

carboxylic groups on the coating surface. Direct force measurements were used to investigate the 

nanomechanical mechanisms of the antifouling property of the coating materials to the emulsions 
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under the effect of solution pH and droplet moving velocity. It has been found that decreasing 

the solution pH leads to the positively charged coating surface, and strong electrostatic repulsion 

was measured between the CTAB-stabilized toluene droplets and the polymer coating. Hence, 

the attachment behavior of the toluene droplets will be prevented on the coating surface, 

suggesting good antifouling performance. On the other hand, increasing solution pH leads to 

negatively charged coating surface, strong electrostatic repulsion was measured between the 

SDS-stabilized toluene drops  and polymer coating surface, contributing to the antifouling 

performance. Meanwhile, increasing droplet moving velocity would strengthen the 

hydrodynamic repulsion during the drainage process of the confined water film, strengthening 

the antifouling performance. The oil/water separation performance tests using the PDA-PAA-

PMTAC-coated membrane demonstrate that the water permeability are significantly influenced 

by solution pH. An exceptional separation performance was achieved with the filtration water 

flux over 3000 L m-2 h-1 bar-1 for both the CTAB-stabilized emulsions at pH 4 and SDS-

stabilized emulsion at pH 10 with the separation efficiency > 99.8 %. Moreover, the 

functionalized membrane contaminated by emulsion drops could be readily regenerated through 

immersion in 1 mM NaCl solution of suitable pH, indicating a superior reusability. This work 

improves the fundamental understanding of the surface interaction mechanisms associated with 

the fouling and antifouling issues in emulsion-related water treatment, and provides useful 

insights into the development of regenerable functional membrane surfaces with tunable surface 

interactions for various environmental applications such as oil/water separation. 
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3.5 Supporting Infromation 

3.5.1 Surface morphology of bare silicon wafer 

Figure 3.S1 shows the bare silicon wafer surface is very smooth with a root-mean-square 

(RMS) roughness of 0.14 nm. 

 

Figure  3.S1 Topographic AFM images of the bare silicon wafer (RMS roughness ~ 0.14 nm). 

3.6.2 XPS spectra 

The chemical composition of pure-PDA and PDA-PAA-PMTAC coating was 

characterized by X-ray  photoelectron  spectroscopy  (XPS) as shown in Figure 3.S2. For pure-

PDA coating, the XPS C 1s and N 1s core-level spectra (Fig. S2b and S2c) were curve-fitted into 

four peaks with the binding energies (BEs) at 284.6, 286.0, and 400.1 eV, which were 

corresponded to the C-C/C-H, C-O, and N-C2, respectively. For PDA-PAA-PMTAC coating, the 

XPS C 1s and N 1s core-level spectra (Figure 3.S2e and S2f) were curve-fitted into four peaks 

with the binding energies (BEs) at 284.6, 286.0, 288.7, 400.1 and 402.5 eV, which were 

attributed to the C-C/C-H, C-O, O-C=O, N-C2 and N-(CH3)3
+, respectively [41]. Compared to 
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XPS spectra of the pure-PDA coating, the signals of O-C=O and N-(CH3)3
+ were observed in 

that of the PDA-PAA-PMTAC coating, suggesting the depositing of AA/MTAC segments into 

the coating materials. 

 

Figure 3.S2 XPS wide scan, C 1s and N 1s core-level spectra of the pure PDA (a~c) and PDA-

PAA-PMTAC (d~f) coating on silicon wafer. 
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3.6.3 Interfacial tension (IFT) data 

 

Figure 3.S3 Surface tensions of toluene droplet in 1 mM NaCl aqueous solution containing 200 

ppm CTAB surfactant, measured using a pendent drop shape method. 

 

Figure 3.S4 Surface tensions of toluene droplet in 1 mM NaCl aqueous solution containing 200 

ppm SDS surfactant, measured using a pendent drop shape method. 
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Figure 3.S5 Surface tensions of cyclohexane droplet in 1 mM NaCl aqueous solution containing 

200 ppm CTAB surfactant, measured using a pendent drop shape method. 

 

Figure 3.S6 Surface tensions of cyclohexane droplet in 1 mM NaCl aqueous solution containing 

200 ppm SDS surfactant, measured using a pendent drop shape method. 
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3.6.4 Interaction of pure toluene droplet with PDA-PAA-PMTAC coating 

Figure 3.S7 shows the measured interaction force and calculated pressure profiles in low 

saline solution (1 mM NaCl) of pH 6 and 10 as well as the high salinity (500 mM NaCl) of 

neutral pH 7. In the case of low salinity and acidic pH 6, the “jump-in” behavior was detected 

after overcoming a weak repulsion of ~ 1.5 nN when the pure toluene droplet was driven to 

approach the substrate surface by the AFM cantilever, indicating the occurrence of the 

attachment behavior of pure toluene droplet. However, for the case of low salinity and basic pH 

10, the pre-set maximum loading force of 8 nN was reached and retracted from the coating 

surface to the original position during the measurement. It’s noted that no attachment behavior 

occurred in low salinity and basic pH of 10. In high salinity solution (e.g., 500 mM NaCl), the 

Debye length was calculated to be 0.43 nm according to Eq. (5), which means the range and 

strength of the electrostatic interaction were significantly suppressed in high salinity. Thus, the 

van der Waals (VDW) interaction dominated the surface interaction, resulting in the attachment 

behavior of the droplet. Figure 3.S7b, S7d, and S7f show the each contribution of VDW pressure, 

EDL pressure, and hydrodynamic pressure to the overall pressure in low salinity solution of pH 6 

and 10 as well as high salinity solution of neutral pH 7. The pure toluene drop is negatively 

charged with the calculated surface potential of -37 mV which is consistent to our previous 

research [16]. 
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Figure 3.S7 Experimentally measured interaction force profiles (open symbols) of a pure toluene 

droplet and a PDA-PAA-PMTAC coating in 1 mM NaCl solutions at pH value of (a) 6 and (c) 

10 as well as 500 mM NaCl of (e) pH 7, and the theoretical fitting results (red solid curves); 

Calculated profiles of corresponding VDW disjoining pressure, EDL disjoining pressure, and 
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hydrodynamic pressures between a pure toluene droplet interacting with a PDA-PAA-PMTAC 

coating surface at the central position of the droplet in 1 mM NaCl solution of pH (b) 6 and (d) 

10 as well as 500 mM NaCl of (f) pH 7. 

3.6.5 Comparison of the theoretically fitted surface potential values and the measured zeta 

potential data for toluene drops 

Table 3.S1 Comparison of the theoretically fitted surface potential values and the measured zeta 

potential data for CTAB-stabilized toluene drops at different solution pH in 1 mM NaCl aqueous 

solution 

pH Fitted surface potential (mV) Zeta potential data (mV) 

4 + 56 ± 6 + 62 ± 9 

6 + 53 ± 8 + 57 ± 3 

8 + 48 ± 3 + 51 ± 5 

 

Table 3.S2 Comparison of the theoretically fitted surface potential values and the measured zeta 

potential data for SDS-stabilized toluene drops at different solution pH in 1 mM NaCl aqueous 

solution 

pH Fitted surface potential (mV) Zeta potential data (mV) 

6 - 61 ± 5 - 60 ± 8 

8 - 64 ± 7 - 68 ± 5 

10 - 68 ± 10 - 76 ± 12 

 

 



61 

 

3.6.6 Retention test 

The retention tests was conducted for PDA-PAA-PMTAC membrane filtrating of colloidal 

suspension of silica nanoparticles (NP) with different sizes. The high salinity of 500 mM NaCl 

aqueous solution of pH 7 is used as the solvent of silica suspension to suppress the electric 

double layer of the membrane and the silica NPs and minimize the effect of electrostatic 

interaction on the retention tests. The hydrodynamic radius of the silica nanoparticles are 

characterized using a Zetasizer Nano ZSP system. The concentration of the silica nanoparticles is 

characterized by UV–Vis spectroscopy based on lambert beer law. The retention (%) is 

characterized by the fraction of the concentration of silica nanoparticles in the filtrate ( fC ) and 

the original suspension solution ( iC ) using the UV-vis spectrum according to the equation: 

(%) (1 ) 100%
f

i

C
retention

C
= −   

The obtained retention curve is shown in Fig. S8. For the silica particles with 

hydrodynamic diameter less than 78 nm, the retention of the filtration membrane is close to 0 %, 

suggesting that the small silica NP could not be intercepted by the membrane with the pore size 

~ 220 nm. For the silica particles with hydrodynamic diameter over 464 nm, the retention of the 

filtration is close to 100 %, suggesting that most of the silica NP with relatively large size could 

be intercepted by the membrane with the pore size ~ 220 nm. However, for the silica particles 

with hydrodynamic diameter of 156 nm, the retention of the filtration membrane is 68 %. This 

could ascribe to the size of the silica NP is close to the pore size of the membrane, only one-third 

of the particles re intercepted by the membrane during the filtration process. 
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Figure 3.S8 Retention tests of PDA-PAA-PMTAC-coated PVDF membrane using silica 

nanoparticles of different hydrodynamic diameters.  

 

3.6.7 Vacuum filtration of cyclohexane emulsion 

 

Figure 3.S9 Permeation water flux of cyclohexane-in-water emulsion with 200 ppm (a) CTAB 

and (b) SDS at different solution pH. 
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3.6.8 Optical image of separated oil phase, water phase and emulsion before filtration 

 

Figure 3.S10 Optical image of separated oil phase, water phase and emulsion before filtration. 

 

3.6.9 Self-cleaning process of an oil-contaminated membrane 

 

Figure 3.S11 Self-cleaning process of an oil (containing 200 ppm SDS)-contaminated membrane 

of PDA-PAA-PMTAC-coated PVDF membrane at pH 4. 
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3.6.10 FTIR spectrum of membrane after cycling tests 

The FTIR spectra of the filtration membrane used for the cycling tests of SDS emulsions at 

two different solution pH are illustrated in Figure 3.S12. From the spectrum, the transmittance 

peak was observed at 1247 cm-1 associated with sulfonate symmetric stretching of SDS for the 

membrane under the cycling tests with significant water permeation flux decline at pH 7 [49]. 

However, for the spectrum of the membrane under the cycling tests with no significant water 

permeation flux decline at pH 10, there is no similar transmittance peak associated with SDS 

observed. 

 

Figure 3.S12 FTIR spectra of the PDA-PAA-PMTAC-coated PVDF membrane after cycling 

tests at pH 7 (black) and pH 10 (red).  
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CHAPTER 4. Soft Armour-like Layer-Protected Hydrogels for Wet Tissue 

Adhesion and Biological Imaging 

4.1 Introduction 

The emerging medical techniques for diagnosis and treatment have posed a considerable 

challenge: lack of soft materials as the bridging interface connecting the operation probe of the 

medical apparatus and human tissues. Hydrogels as a three-dimensional (3D) hydrophilic 

polymer matrix typically possess a high water content of over 80 wt.%, which is analogous to 

human tissues and applicable for biomedical use [1-11]. In the past decades, hydrogels have been 

widely applied to applications including tissue adhesive [12-14], wound closure [15, 16], health 

sensing [17, 18], and drug delivery [19-22] with tremendous progress. However, most of the 

existing hydrogels with the water content over 80 wt.% cannot tightly attach to the wet and 

dynamic tissue surfaces due to the existence of surrounding water at the contact interfaces, 

weakening the molecular interactions between hydrogels and tissues, thus restricting their 

reliable functions under practical conditions [23-26]. Although some of the curing agents like 

cyanoacrylate or silane-based chemicals have been explored to bridge the hydrogel with tissue 

surfaces, which help promote a stable adhesion under physiological conditions [27, 28]. It is 

noted that most of these chemicals are cytotoxic and suffer from slow adhesion formation under 

wet conditions, incompatibility with soft tissues, and/or lack of on-demand detachment for 

recyclable use [27, 29-33]. To address these issues, it is desirable to develop biocompatible 

hydrogels as soft adhesives to achieve instant, tough, and reversible adhesion to various wet 

tissues for medical practices. 
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In recent years, the strong and universal wet adhesion capability of some marine organisms 

like mussel, barnacle, and sandcastle worm has raised great attentions [34-41]. The investigation 

of the corresponding catechol chemistry and its interfacial interactions such as hydrogen bonding, 

metal coordination, π-π/cation-π interactions provided significant biomimetic resources for 

fabricating biopolymeric adhesives [42-48]. Different methods have been applied to incorporate 

catechol-based derivatives into polymer network of hydrogels to improve their adhesive and 

cohesive strength including being covalent grafted to the polymer chain and confined between 

the layer spacing of the 2D materials to form nanocomposite hydrogels [49, 50]. However, 

compared to the natural marine organisms, most of the reported catechol-based adhesive 

hydrogels still suffer from the inadequate stability of their adhesion performance in wet or 

underwater conditions. The discrepancy between natural marine organisms and the artificial 

catechol-based hydrogels here mainly originates from the limitation of water-removing and 

water-shielding capability of hydrogels at the contact interface with substrates and lack of 

dynamic bonds in the internal hydrogel network for energy dissipation [27, 51-57]. Herein, 

inspired by the structure of the Mytilus byssal thread covered by a thin protective cuticle [34, 42, 

58-61]. A new underwater adhesive strategy was proposed via engineering a soft armour-like 

hydrophobic adhesive layer outside the hydrophilic polymer matrix by tuning metal coordination 

chemistry. We use this design principle to promote the formation of a water depletion region at 

the hydrogel-substrate interface and their stable attachment for the desired underwater adhesive 

property.  

Following this strategy, we also developed our dopamine (DA)-iron-sodium dodecyl 

sulfate-complexation (DISC) hydrogel as the bioadhesives. The hydrogel is prepared by 

copolymerization of acrylamide with sodium dodecyl sulfate (SDS)/stearyl methacrylate (C18) 
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micelle consisting of a soft armour-like hydrophobic interface as the outermost adhesive layer 

over the hydrogel matrix. The external hydrophobic layer of the hydrogel (water contact angle in 

air > 110°) is triggered by the occurrence of Fe3+, resulting in the formation of DA-iron-SDS 

complexes and recombination of the structure at hydrogel surface to realize fast repelling of the 

surrounding water, thus promoting a water depletion region upon contact with the target surfaces. 

After that, the hydrophobic layer interlinks the hydrogel matrix and target surfaces with the 

assistance of polydopamine moieties via diverse intermolecular interactions i.e., hydrogen 

bonding, π-π stacking, cation-π, and hydrophobic interactions [38, 43, 46, 62]. Atomic force 

microscope (AFM) colloidal probe technique was also employed to investigate the assembling 

mechanisms for the hydrophobic layer of DISC hydrogel. Moreover, the mechanical properties 

of the obtained DISC hydrogel were characterized by tensile/compression tests, while the 

adhesion performance of DISC hydrogel to various substrates was evaluated by the lap-shear 

tests. The DISC hydrogel was further employed as the tissue couplant to test its potential as the 

bridging interface to enhance the reliable functionality of ultrasonic imaging in the wet intraoral 

environment [63-65]. Owing to the precise design of the internal nanostructure via tuning 

molecular interaction, the as-prepared DISC hydrogel possesses instant, stable, and universal 

adhesive properties to various wet substrates and capability for in vivo ultrasound imaging, 

which benefits the tissue–device integration for biomedical applications in practical use.  

4.2 Materials and Methods 

4.2.1 Materials 

Acrylamide (AM), stearylmethacrylate (C18), dopamine hydrochloride, Irgacure UV Photo-

initiator, poly(ethylene glycol) diacrylate crosslinker (Mn=700), membrane-permeant nucleic 
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acid stain (Syto 13), and membrane-impermeant stain (propidium iodide) were purchased from 

Sigma-Aldrich (Canada). Iron(III) chloride, sodium chloride, hydrogen chloride, sodium dodecyl 

sulfate (SDS), and were purchased from Fisher Scientific (Canada). Chicken breast, porcine skin, 

and heart were obtained from the local grocery store. Ultrafiltrated water used in all the 

experiments was generated by the Barnstead Smart2Pure pro water purification system (Thermo 

Scientific) with a resistivity of 18.2 MΩ·cm. 

4.2.2 Synthesis of the prehydrogel 

PAM-DA and PAM-SDS-C18-DA prehydrogels were synthesized to investigate the effect of 

hydrophobic association on the adhesive strength. Precursor solution for PAM-DA prehydrogel 

was prepared by dispersing 1.6 g AM hydrophilic monomer, 0.04g PEGDA crosslinker, 0.015g 

DA, and 0.1g Irgacure UV photo-initiator in 20 mL of 0.7 M NaCl saline solution at pH 4.6. 

Micro micelle solutions for PAM-SDS-C18-DA prehydrogel were first prepared by dispersing 1.4 

g SDS in 20 mL of 0.7 M NaCl saline solution at pH 4.6. Then hydrophobic monomer C18 of 

0.22 g was dissolved in the micro micelle solution and the mixtures were stirred at 50°C in an oil 

bath for 30 min until a clear precursor solution was obtained. After that, 1.3g AM hydrophilic 

monomer, 0.04g PEGDA crosslinker, 0.015g DA, and 0.1g Irgacure UV photo-initiator were 

added into the precursor solution and degassed for 20 min. Finally, the hydrogels were prepared 

in the rectangular degas mold under UV crosslinker for 20 min.   

4.2.3 Formation of the surface hydrophobic layer 

The prehydrogel then post-treated by immersing into 0.08 M FeCl3 solution for different 

immersion time, to trigger the metal coordination-induced surface hydrophobilization process, 

denoted as DISC-x (x represent the number for the immersion time), respectively. The hydrogel 
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was then washed by water to remove the unassociated residues and gently dried under the 

blowing of nitrogen to remove the residual water on the surface. The water contact angle in air 

on the hydrophobic surface of the DISC hydrogel was measured to investigate the effect of 

immersing time using a contact angle goniometer (Ramé-Hart instrument, NJ). 

4.2.4 Characterization of the hydrogel 

The internal morphology and the corresponding element distribution of hydrogels were 

characterized using a field-emission scanning electron microscope (FE-SEM) (Zeiss Sigma 300 

VP-FESEM, Germany) with energy-dispersive X-ray spectroscopy (EDS) at the electron 

acceleration voltage of 10.2 keV. Fourier transform infrared (FTIR) spectrometer (Thermo 

Scientific Nicolet, iS50 FT-IR) was applied to identify the chemical composition of the freeze-

dried hydrogel samples. The hydrogel samples for characterization were first quenched in liquid 

nitrogen and freeze-dried. After that, the samples were sectioned by a blade cutter for FTIR and 

SEM/EDS analysis. Before SEM imaging, the sectioned samples were sputter-coated by a thin 

layer of gold metal.  

The rheological property was characterized by an AR-G2 stress-controlled rheometer (TA 

Instruments) using a 20 mm cone-plate (2o) configuration and 53 μm gap. Oscillatory frequency 

sweep tests for hydrogels containing different amount Hb segments (from 0% to 3% molar ratio 

of C18/acrylamide) were conducted from 0.1 to 100 rad/s, at a fixed strain of 10%. The tensile 

and compression tests were performed using an AGS-X universal tensile testing machine 

(Shimadzu, Japan) equipped with the corresponding load cell (maximum load 50 N and 200 N, 

respectively). For the tensile tests, the rectangular hydrogel specimens were prepared with the 

dimension of  15.5 mm (Length) x 6.2 mm (Width) x 1.8 mm (Thickness) and stretched at a 

constant rate of 10 mm/min. For the compression tests, the cylinder hydrogel specimens were 
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prepared with the dimension of 16.2 mm (Height) and 12.5 mm (Diameter) and compressed at a 

constant rate of 10 mm/min. Meanwhile, 5 cycles of loading-unloading tensile and compressive 

tests were performed on rectangular and cylinder samples at the tensile strain of 200 % and 

compressive strain of 80% to investigate their recoverability after stretch and compression, 

respectively. 

4.2.5 Force measurement using colloidal probe AFM technique 

The lab-made silica probe for AFM force measurement was prepared by attaching a silica sphere 

of ~5 μm diameter to the top end of the tipless cantilever (NP-O10, Bruker, Santa Barbara, CA) 

via a two-component epoxy adhesive (EP21D-1, Mater bond, USA). After that, the silica probe 

was sputter-coated by gold and then both the gold-coated and gold wafer were immersed in 

sodium 3-mercapto-1-propanesulfonate (10 mM)/ethanol solution to obtain the sulfonate-grafted 

silica probe and substrate for AFM force measurement. The spring constant of the sulfonate-

grafted silica probe was calculated to be 0.15~0.20 N/m using the Hutter and Bechhoefer thermal 

tune method. During the force measurement experiment, the sulfonate grafted-silica probe was 

driven to approach the sulfonate-grated substrate at a fixed velocity of 1 μm/s in different 

aqueous solutions. When a pre-set deflection was reached, the probe was retracted from the 

substrate surface. The correlated surface force was then calculated by Hooke’s Law according to 

the spring constant obtained from the calibration and the deflection of the cantilever recorded by 

the photodiode. 

4.2.6 Lap shear tests for tissue adhesive 

The adhesion strength of the developed hydrogels was investigated via the lap shear test using 

the same AGS-X universal tensile testing machine (Shimadzu, Japan). The adherends used in 
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this work include glass, resin, wood, chicken breast, porcine skin and heart. The size of the 

hydrogel samples is fixed at 12 mm (Length) x 5 mm (Width) x 2 mm (Thickness). For 

adherends of glass, resin, and wood, the rectangular substrate was directly connected by the 

hydrogel adhesive samples. For animal tissues of chicken breast, porcine skin, and heart, the 

tissues are first glued to the rectangular wood substrates using a super glue then connected by the 

hydrogel adhesive samples. All the lap shear tests were performed at a constant separation rate of 

2 mm/min. The wet adhesion strength was collected by spreading the water at the contact 

interface of adherends and hydrogel adhesives. The preload pressure of 20 kPa was applied for a 

short contact time of  2 min before the lap shear tests. 

4.2.7 Biocompatibility test 

Chinese hamster ovary (CHO) and human embryonic kidney (HEK) 293 were used as the model 

cells to evaluate the cell toxicity of DISC hydrogel. CHO cells were first cultured in Dulbecco's 

Modified Eagle Medium (DMEM)/Nutrient Mixture F-12 supplemented with L-glutamine, 

penicillin-streptomycin, and 10% fetal bovine serum (FBS). For 2D cell culture, a DMEM 

culture medium containing CHO cells at a density of 1x106 was then added on the top of the 

hydrogel and a Petri dish plate (as the reference). After 12 h and 72 h incubation at 37 °C, cells 

were stained by a cell membrane integrity stain [1 µM Syto 13 and 0.5 µM propidium iodide 

mixed in phosphate-buffered saline (PBS)] and imaged by a laser scanning confocal fluorescent 

microscope for 3 samples [66]. The dead cells with destructive cell membranes would be stained 

by the cell-impermeant nucleic acid stain of propidium iodide. The cell viability was then 

quantified by Image J software. 
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4.2.8 Ultrasound characterization and imaging 

The ultrasound speed and attenuation of the DISC-40 samples were characterized by the 

transmission-through technique in water. For comparison, a sample of Aquaflex ultrasound gel 

pad (Parker Laboratories, Inc.) was also measured for ultrasound properties. During the 

experiment, the gel pad samples were fixed on a gel pad holder and placed between two 

coaxially mounted 20 MHz transducers (Olympus V317-N-SU, Waltham, MA), that were 20 cm 

apart. The gel pad holder was positioned 14 cm from the emitter with the ultrasound beam 

perpendicular to the sample’s surface. Signals were collected without (water signal) and with the 

sample (sample signal) at five different locations on the sample with each approximately 5 mm 

from the neighboring location. The group velocity (V) and phase velocity (c()) of the sample 

are determined by Eq (1-2)[67, 68]: 
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where h is the sample thickness, Vwater is the water velocity (~1480 m/s), ∆t is the time difference 

of the chosen reference point on the time series,  is the difference of the unwrapped phase 

shift of the corresponding spectra, and ω is the angular frequency. The slope of the linearly best-

fitted line to the phase velocity spectrum bounded between ± 6 dB determines the dispersion. 

The attenuation coefficient, α (in dB/cm) of the sample can be calculated with the corresponding 

amplitude spectra (A) of the signals: 
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Similar to the dispersion computation, the slope of the linearly best-fitted line to the attenuation 

spectrum within the ± 6 dB frequency range determines the normalized broadband attenuation 

(nBUA) in dB/cmMHz. 

Ultrasound imaging was done on a porcine molar with a 5 mm thick DISC-40 hydrogel and 

AF gel pad as the couplings, respectively. The portable SonixTablet ultrasound system with the 

L40-8/12 transducer (Analogic, Vancouver, Canada) was employed for scanning. Some 

ultrasound gel (Parker Laboratories, USA) was used occasionally to fill the contact gap to ensure 

a strong ultrasonic transmission.  
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Figure 4.1 Schematic illustration of (A) iron triggered recombination of SDS micelle; (B) 

Constructing soft armour-like hydrophobic adhesive layer on the surface of PAM-SDS-C18-DA 

prehydrogel; (C) Demonstration of underwater adhesion test of DISC adhesive hydrogel. 

 

4.3 Results and discussion 

4.3.1 Design and molecular engineering of DSIC hydrogels 

Unlike the traditional hydrogels containing water in the entire polymer network, DISC 

hydrogel forms a soft armour-like hydrophobic layer over the hydrophilic polymer network by 

mimicking the structure of the Mytilus byssal thread covered by a thin protective cuticle. The 

formation and operation mechanisms of the hydrophobic shell are illustrated in Figure 4.1. The 

polyacrylamide (PAM)-SDS-C18 prehydrogel is prepared by direct photoinitiation to 

copolymerize the hydrophilic monomers acrylamide, hydrophobic (Hb) monomers C18 preserved 

in SDS micelles, dopamine, and a small amount of poly(ethylene glycol) diacrylate as the 

crosslinker under 365 nm UV irradiation [69, 70]. The DISC hydrogel was then fabricated by 

immersing the PAM-SDS-C18-DA prehydrogel in 0.08 M FeCl3 solution to trigger the metal 

coordination of PDA and SDS, followed by aqueous solution wash to remove the unbonded 
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residuals. In this process, the PAM-SDS-C18-DA prehydrogel could self-regulate and assemble 

an outermost hydrophobic layer over the polymer network in FeCl3 solution, most probably due 

to the metal binding of Fe3+ with the sulfonate groups of SDS and catechol groups of PDA [71-

73], as illustrated in Figure 4.1A. In the aqueous medium, upon approaching a target surface (i.e. 

tissue surface), the hydrophobic layer could effectively repel the surrounding water and promote 

the formation of the water depletion region. The absence of water at the contact interface favors 

the formation of stable connections of adhesives to the adherend surfaces, realizing the desired 

underwater adhesion. Figure 4.1C demonstrated the comparison of adhesion tests in low saline 

water (10 mM NaCl) dyed by basic blue. The PAM-SDS-C18-DA prehydrogel could adhere to 

the bottom of the Petri dish but detach from the cap of the glass bottle when being lifted up. 

Conversely, the Fe3+-treated DISC hydrogel could instantly and tightly adhere to the bottom of 

the Petri dish (contact time ~ 5s) and lift up the whole Petri dish filled with water.  

We then investigated the interfacial and rheological properties of the obtained DISC 

hydrogels. The morphology and element distribution of the obtained DISC hydrogels were 

characterized by field emission scanning electron microscopy (FE-SEM) and energy-dispersive 

X-ray spectroscopy (EDS), respectively. Figure 4.2A shows the morphology of the sectional area 

of a lyophilized DISC hydrogel sample. Unlike the interior of the DISC hydrogel showing a 

highly porous honeycomb-like structure, the surface layer of the DISC hydrogel exhibits a dense 

and nonporous structure, which confirmed that the DISC hydrogel has a distinctive soft armour-

like cuticular structure. Moreover, the result of Fe, C and S element mapping shown in Figure 

4.2A and 4.S1 also indicates the difference of the cuticular and internal region of the DISC 

hydrogel. Figure 4.2B illustrates the element mass fraction of the cuticular and internal layers, 

respectively. The mass fraction of element C, O, S, and Fe increases while the mass fraction of 
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element N decreases from the cuticular to the internal layer of DISC hydrogel. The difference of 

the element mass fraction from the cuticular to the internal layer could be attributed to the 

formation of the dense cuticular structure triggered by the metal coordination of Fe3+ with SDS 

and dopamine. The stability of the hydrogel is characterized by swelling tests, as shown in 

Figure 4.S2. The lyophilized DISC hydrogel could swell in 700 mM saline water and reached its 

equilibrium of ~ 87 wt.% water content at a swelling time of 240 min, which is close to its 

original water content of 86.7 wt.%. The hydrophobicity of the hydrogel surface was 

characterized by water contact angle (WCA) measurement in air to investigate the effect of 

immersing time in FeCl3 solution. As illustrated in Figure 4.2C, the WCA in air on PAM-SDS-

C18-DA prehydrogel surface before Fe3+ treatment is around 20°. The prehydrogel turns to be 

hydrophilic with water being the majority and polymers being the minority in its network. After 

being treated with FeCl3 solution, the WCA on the surface of DISC hydrogels increases with the 

immersion time, reaching the maximum value of 110° at the immersion time of 40 min. The 

hydrophobilization of hydrogel surface here could be attributed to the disassembly and 

recombinant of SDS micelles on the surface of the hydrogel in the presence of Fe3+ through 

metal coordination.[73] The chemical functionality of DISC hydrogel section surfaces was 

characterized using the Fourier-transform infrared (FTIR) spectroscopy, as shown in Figure 4.2D. 

The characteristic peaks located at 1247 and 1650 cm-1 are corresponded to sulfate symmetric 

stretching of SDS and the aromatic C=C skeleton stretching of PDA, respectively, while the two 

peaks located at 2850 and 2920 cm-1 are associated to antisymmetric and symmetric stretching of 

the long alkyl chain belong to the SDS/C18 moieties of the polymer network [74, 75]. The 

viscoelastic behaviors of the DISC hydrogels were evaluated by rheological measurement, as 

shown in Figure 4.2E. By introducing Hb monomer C18 (from 0% to 3% molar ratio of 
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C18/acrylamide), both the storage modulus (G′) and the loss modulus (G″) of the DISC hydrogel 

are enhanced significantly, suggesting an increased cross-linking density of  SDS/C18 micelle to 

PAM network. 

 

Figure 4.2 (A) SEM image of DISC hydrogel regarding to the cuticular layer and internal 

polymer network with EDS mapping of Fe; (B) EDS analysis at the cuticular layer and internal 

polymer network, respectively; (C) Water contact angle in air on the hydrogel surface with 

different treating time of FeCl3 solution; (D) FTIR spectrum of DISC hydrogel; (E) Frequency-

dependent rheological measurements of DISC hydrogels with different amounts of 

hydrophobic/hydrophilic monomer C18/acrylamide at 25 °C. 

4.3.2 Nanomechanics of the hydrophobic shell assembling process 

The DISC hydrogels are designed based on metal coordination chemistry to modulate the 

intermolecular interactions and internal structure of the DSIC hydrogels. To probe the 

contribution of metal coordination in the complex system with the coexistence of dopamine and 
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SDS, colloidal probe atomic force microscope (AFM) technique was employed to directly 

measure the correlated interaction forces. The details of the method for the preparation of AFM 

silica probe have been reported previously [76, 77]. Figure 4.S3 illustrates the schematics of 

colloidal probe-surface AFM force measurement experiment with the SEM image of a typical 

silica probe. The viscosity of solution used for force measurement was also measured by an AR-

G2 stress-controlled rheometer (TA Instruments) under velocity sweep, as shown in Figure 4.S4. 

After adding 500 μM FeCl3 and 500 mg/L dopamine in 700 mM NaCl saline, the viscosity of the 

solution stays almost unchanged which would bring negligible effect to the trace-retrace process 

during the force measurement. Figure 4.3A and 3B show the measured force profiles between 

SO3
2--coated silica probe and gold wafer in the absence and presence of Fe3+ in saline solution of 

700 mM NaCl and pH 4.6. There is no obvious attraction or repulsion detected during the 

approach process and a minuscule adhesion of F/R ~ 0.16 mN/m measured with the retraction 

process when the SO3
2--coated silica probe and gold wafer were brought into contact and 

separate. In contrast, with the presence of 500 μM Fe3+, a significant adhesion (F/R ~ 0.6 mN/m) 

was measured during the retraction process, suggesting the iron binding tendency of sulfonates 

[78, 79]. Figure 4.3C shows the measured force profiles between SO3
2--coated silica probe and 

gold wafer in the presence of Fe3+ and polydopamine (PDA) in saline solution of 700 mM NaCl 

and pH 4.6. Unlike the measured force in Figure 4.3A and 3B, a significant attraction was 

detected during the approaching process and an increased adhesion of F/R ~ 1.1 mN/m was 

measured during the retraction process. In 700 mM NaCl solution, the Debye length was 

calculated to be 0.36 nm according to DLVO theory [39], suggesting that the electric double 

layer is significantly suppressed. Thereby, the effect of electrostatic interaction was minimized 

during the approach process and the attraction observed in Figure 4.3C is mainly due to the 
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strong cohesive bridging effect between confined PDA-Fe3+ complex and SO3
2--coated surfaces. 

To further verify the hypothesis that Fe3+ and PDA could provide a cohesive bridge between 

adjacent sulfonates through metal coordination bonds, UV-vis spectrum and dynamic light 

scattering size measurement were employed to give additional evidence. As shown in Figure 

4.3D, the peaks at 330 and 430 nm-1 in the UV-vis spectra are associated with SDS-Fe and PDA-

Fe complexes, respectively, indicating the metal coordination of Fe3+ with sulfonate groups of 

SDS and catechol groups of PDA [80, 81]. Figure 4.S5 shows the size distribution of pure 

dopamine, pure SDS, and the mixture of dopamine, SDS, and Fe3+. Compared with the pure 

dopamine and SDS with the narrow size peaks at 122 and 531 nm, respectively, the peak for the 

size distribution of the mixture containing dopamine, SDS, and Fe3+ shifts to 1718 nm with a 

more broad size distribution. The appearance of Fe3+ intermediates the micellar assembly and 

leads to the recombination of SDS and dopamine with ferric ion, which could also be correlated 

to the assembling of hydrophobic layer over PAM-SDS-C18-DA hydrogel with the assistance of 

Fe3+. The above force measurement and characterization data demonstrate that Fe3+ could 

provide metal binding for the adjacent sulfonates and the appearance of PDA could form PDA-

Fe complex to further enhance the strong cohesive bridging for sulfonates which provides a new 

paradigm for constructing adhesive layer of hydrogels. 
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Figure 4.3 Force–distance profiles relative to interaction between SO3
2--coated silica probe and 

gold wafer in (A) pure saline solution, (B) 500 μM FeCl3 solution, and (C) 500 μM FeCl3 with 

500 mg/L dopamine solution, under 700 mM NaCl condition of pH 4.6; (D) UV-vis spectrum of 

pure SDS, SDS-Fe, and SDS-Fe-dopamine solution.   

4.3.3 Mechanical properties of DISC hydrogel 

The stretchability and elasticity of the developed DISC hydrogels were characterized by 

the tensile and compression tests. Figure 4.4A illustrates the stress−strain curves of hydrogels 

with different compositions. Without the Hb monomers C18 and SDS, the PAM-DA hydrogel 

shows good stretchability with a fracture strain of more than 500%, but the strength of the PAM-



85 

 

SDS hydrogel is relatively low (<14 kPa); In the presence of C18 monomers embedded in the 

SDS micelle and copolymerized in the PAM network, the obtained pam-SDS-C18-DA 

prehydrogel hydrogel is strengthened and the fracture stress is increased to 24 kPa at the strain of 

420 %. This could be attributed to the incorporation of hydrophobic association formed by 

SDS/C18 into the covalently crosslinked network, thus acting as the noncovalent cross-links to 

increase the tensile strength of pam-SDS-C18-DA prehydrogel hydrogel. After being treated with 

FeCl3 solution, the stretchability and strength of the obtained DISC hydrogel are further 

improved. The fracture stress of the DISC-20 and DISC-40 hydrogel (treated with FeCl3 for 20 

and 40 min) reach 34 and 45 kPa at the strain of 490 and 570 %, respectively. The toughness of 

the pam-DA, pam-SDS-C18-DA, DISC-20, and DISC-40 are calculated as 33, 55, 90, and 138 

kJ/m3, respectively, as shown in Figure 4.S6. Introducing Fe3+ to the pam-SDS-C18-DA 

prehydrogel hydrogel could endow effective mechanical reinforcement to the composites 

hydrogel which is mainly due to the formation of dynamic metal coordination bond that 

dissipates energy upon hydrogel being stretched. The strain-stress curves for the 5 

loading−unloading cycling tensile tests are shown in Figure 4.S7 and the DISC-40 hydrogel 

exhibits a good reversibility at the tensile strain of 200 %. Figure 4.4C shows the compressive 

strain-stress curves during the loading−unloading process of compression tests while Figure 

4.4D shows the time-stress curves of cycling compression tests with DISC hydrogels. The DISC-

40 hydrogel exhibits a high compressive strength ~ 370 KPa with a good reversibility during the 

5 loading-unloading cycling tests at the compression strain of 80%. Additionally, from the 

photos in Figure 4.4B and 4C, there are no apparent cracks formed at the surface of the DISC 

hydrogels when stretched to the strain of 570% and compressed to the strain of 80%. The above 

results of the mechanical tests indicated that the DISC-40 hydrogels possess a good stretchability 
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and elasticity which is able to maintain the structural integrity under the external force and 

conformal contact with the contact interface like rough tissue surfaces when applied as adhesives.     

 

Figure 4.4 (A) Tensile stress-strain curves of pam-DA, pam-SDS-C18-DA prehydrogel, DISC-20, 

and DISC-40; (B) Optical image of DISC hydrogel extended to strain of 570%; (C) Compressive 

stress-strain curves of DISC-40; (D) 5 cycles compressive stress-time curves of DISC-40. 

4.3.4 Adhesive performance of DISC hydrogel 

As shown in Figure 4.5A, the DISC hydrogel shows universal adhesion towards different 

types of biological tissues including skin, muscle, and organ under both the wet and underwater 

conditions. The contact interfaces of the DISC hydrogels with the tissues (chicken breast, 

porcine skin, and heart) could resist the intense shaking in PBS solution (Video S2), suggesting 

that the hydrophobic surface of the hydrogel forms a robust and universal connection with tissue 
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surfaces and shields contact interface against water penetration. We then conducted the lap shear 

test to investigate the adhesion strength of DISC hydrogels on diverse substrates varying from 

hard to soft, including glass, resin, wood, chicken breast, porcine skin and heart. The pam-SDS-

C18-DA prehydrogel, DISC-20, and DISC-40 hydrogels are listed to probe the role of modulating 

metal coordination chemistry to the adhesion performance. Figure 4.5B shows the adhesion 

strength-extension curves of lap-shear tests in air using porcine heart as the adherend. Compared 

to the prehydrogel with the debonding peaks of 11 kPa at the extension of 4 mm, the Fe3+-treated 

DISC hydrogels exhibit a much greater adhesion strength with the debonding peaks of 45 kPa at 

the extension of 6 mm for DISC-20 and 62 kPa at the extension of 7.2 mm for DISC-40. The 

strengthened adhesion after the Fe3+ treatment could be ascribed to the introduction of dynamic 

metal coordination bonds which increased the dissipated energy during the debonding process 

(the area under adhesion strength-extension curves). The adhesion strength of DISC hydrogels 

attached to different substrates under both the dry and wet conditions are illustrated in Figure 

4.5D and 5E, respectively. The wet adhesion strength was collected by spreading the water at the 

contact interface of hydrogel adhesives and the substrates. Generally, the adhesion strength of 

DISC-20 and DISC-40 hydrogels is higher than that of prehydrogel. Further increasing the 

immersion time of DISC hydrogel in FeCl3 solution didn’t render a significant increase of the 

wet adhesion strength, as illustrated in Figure 4.S8A. Meanwhile, adhesion of prehydrogel with 

the tissue surfaces (chicken breast, porcine skin, and heart) decline from dry to wet conditions 

with about ~ 30 % loss of adhesion strength, suggesting that the presence of water weakens the 

stability of the prehydrogel. However, there is no significant decrease observed for the adhesion 

strength of DISC-20 and DISC-40 to various substrates. This could be resulted from the 

increased hydrophobicity of the DISC hydrogel surface, which promotes the formation of a water 
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depletion region at the contact interface, thus preventing water penetration and achieving stable 

adhesion under wet conditions.[82] Compared to DISC-20, the DISC-40 exhibits better adhesive 

property with a higher wet adhesion strength of over 60 kPa for porcine heart (under a 20 kPa 

preload and short contact of 2 min). The effect of Fe3+ concentration to the wet adhesion 

performance has also been investigated, as illustrated in Figure 4.S8B. Among all the substrates, 

the adhesion strength of hydrogel to soft tissues are much higher than that to hard substrates 

(glass, resin, and wood), which could be correlated to the contact mechanics considering the 

elasticity [83]. Interestingly, for hydrophobic resin substrates, the adhesion strength of both the 

DISC-20 and DISC-40 increase from dry to wet conditions, mainly due to the formed 

hydrophobic interaction between two hydrophobic surfaces (hydrogel and resin substrate) in wet 

conditions. Due to the appearance of catechol moieties and alkyl chains on its surface layer, 

DISC hydrogel could form multiple interfacial interactions with different target substrates, such 

as hydrogen bonding with glass, hydrophobic interaction with resin, Schiff base/Michael 

addition with biological tissues, etc., which endows the developed adhesive hydrogel with the 

capability of universal adhesion [42-48]. The stability of the DISC hydrogel attached to wet 

tissues has then been evaluated in both 1x PBS solution and bovine blood, as shown in Figure 

4.S9A. The DISC-40 hydrogel could retain 82 and 70 % of its adhesion strength after 12 h 

immersion in PBS and bovine blood, respectively. The stable connection of DISC-40 hydrogel 

with the heart tissues was maintained after the 12h stability test that was capable of lifting up a 

200 g weight with a 1cm x1cm contact area, as illustrated in Figure 4.S9B. The developed DISC 

hydrogels were further applied as the sealant attached to the broken tissue to resist the hydraulic 

pressure. The correlated burst pressure was measured by pumping 1x PBS solution to the 

breakage of the porcine heart (2 cm x 2 cm) repaired by the adhesive hydrogel, as shown in 
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Figure 4.S10. The burst pressures of the prehydrogel, DISC-20, and DISC-40 are 87.4, 577, and 

975 mmHg, respectively, which are much higher than the human arterial blood pressure 

(typically 80-140 mmHg) and many of the reported bioadhesives used for sealing broken tissues, 

as shown in Table 4-1. This could be ascribed to the hydrophobic surface of the DISC hydrogel 

preventing the water penetration, thus significantly increasing its resistance to the hydraulic 

pressure of PBS solution. The superior sealing property could promote its tolerance to the 

extreme environment for the potential use in biological applications [84-87]. Meanwhile, the 

adhesion behavior of DISC-40 hydrogel could be modulated by 240 nm UV curing to realize the 

triggerable detachment. As shown in Figure 4.5F, after 240 nm UV irradiation of 5 min, the burst 

pressure of DISC-40 decreases from 975 to 630 mmHg. The adhesive hydrogel then could be 

gently removed from the surface of the porcine heart without causing damage to the adhesive 

hydrogel or the tissue surfaces. The adhesion strength of the DISC hydrogel could be restored by 

immersing in Fe3+-dopamine solution with about 25 % loss of burst pressure after 5 cycles of UV 

curing-Fe3+/dopamine solution immersion process shown in Figure 4.S11. The weakened burst 

pressure after UV curing most probably results from the reduction of Fe3+ to Fe2+, which 

modulates the metal coordination bond for the decreased cohesive strength of the hydrogel 

matrix to achieve the controllable detachment [88, 89]. When applied as the tissue sealant, the 

developed DISC hydrogel exhibits a good reversibility which possesses the potential for the 

recyclable use. By modulating metal coordination chemistry, the DISC hydrogel is endowed with 

superior underwater adhesive property to form an instant and stable attachment to various wet 

biological tissues as well as triggerable detachment capability for the reversible 

bonding/debonding process. 
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Figure 4.5 (A) Adhesive performance of DISC hydrogel to chicken breast, porcine skin and 

heart under wet and underwater condition; (B) Typical adhesion strength-extension curve of 

prehydrogel, DISC-20, and DISC-40, measured by lap shear adhesion test using porcine heart 

with (C) an optical image; The adhesion strength of prehydrogel, DISC-20, and DISC-40 to 

different substrates under (D) dry and (E) wet conditions; (F) Demonstration of DISC-40 
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hydrogel served as a sealant on porcine heart to resist the hydraulic pressure of PBS buffer and 

the measured burst pressure of different hydrogel samples. 

Table 4-1 Summary of bioadhesives with measured burst pressure for biomedical use.[62, 90-93] 

Materials used Target substrate 

Burst 

pressure 

(mmHg) 

Adhesive 

Strength 

(kPa) 

Ref. 

PLGA/PEG 
Porcine 

intestinal tissue 
59 ~50 [90] 

GelMA Porcine lung 112.5 49 [91] 

Epigallocatechin-gallates-

tyramine 
Mouse dorsal skin 167.9 3 [62] 

DOPA-PEG-Laponite Collagen casing 320 N/A [92] 

Tetra-armed poly(ethylene 

glycol) thiol 

Pig abdominal aorta 

vein 
294 20 [93] 

DISC hydrogel Porcine heart 975 65.2 
This 

work 

 

The biocompatibility of the developed DISC-40 hydrogel was investigated by 2D culture of 

Chinese hamster ovary (CHO) and human embryonic kidney (HEK) 293 cells. After 12 h or 72 h 

incubation of in DMEM medium, the live cells (green color) accounted for the majority of the 

population which was also composed of a low proportion of dead cells (red color) (Figure 4.6A, 

Figure 4.S12). The cell viability was determined to be over 90% for both incubation times 

(Figure 4.6B), suggesting the low cytotoxicity of the DISC-40 hydrogel to both CHO and HEK-

293 cell lines and its great potential for in vivo biomedical applications. It is noted that, before 

being applied to practical biomedical applications in the future, the DISC-40 hydrogel should 

undergo some sorts of in vivo tests to allow a comprehensive biosafety evaluation.  



92 

 

 

Figure 4.6 Effect of the DISC-40 hydrogel on viability of CHO and HEK-293 cells. (A) 

Representative confocal microscopy images of 2D culture of CHO cells on the DISC-40 

hydrogel after 12 h or 72 h incubation; (B) Viability of CHO and HEK-293 cells after 12 h or 72 

h incubation with the DISC-40 hydrogel (n=3 replicates per condition, n.s. represents P > 0.05). 

4.5 Ultrasound imaging under wet intraoral environment  

Due to the developed DISC hydrogel possess high water content (~ 87 w.t.%) and 

underwater adhesion capability, we also tested its potential application as the tissue couplant to 

transmit ultrasound signal for imaging in wet intraoral environment. The ultrasonic properties of 

the DISC hydrogel including group/phase velocities and attenuation were first characterized by 

the transmission-through experiment. The schematics of the experimental setup are shown in 

Figure 4.7A. The commercial Aquaflex (AF) gel pad for in vitro ultrasound imaging with low 

attenuation and good imaging quality is used as the reference here, which has been characterized 

in our previous work [64]. Figure 4.7B and 7C show the measured phase velocity and attenuation 

of ultrasound signal transmission inside the AF and DISC-40 under a frequency span from 7.3 to 

22.4 MHz, within the ± 6 dB frequency range, respectively. The phase velocities and attenuation 

of the DISC-40 and AF increase slightly with the frequency and the fitted results of the slopes 
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and intercepts are included in Table 4.S1. The average transmission speed of ultrasound inside 

DISC-40 (1509 m/s) is close to that of AF gel (1587 m/s), both higher than the speed of 

ultrasound in water (1480 m/s). Meanwhile, the attenuation of ultrasound increases from 0.5 to 4 

dB/cm for DISC-40 and 1.0 to 3.8 dB/cm for AF with the frequency span from 7.3 to 22.4 MHz. 

The normalized broadband ultrasound attenuation (nBUA) of DISC-40 and AF are calculated to 

be 0.17 ± 0.02 and 0.22 ± 0.03 dB/cm⸳MHz. To further evaluate the effect of developed DISC-40 

on the ultrasound image quality, a porcine molar (Figure 4.7D) was scanned with the couplant 

placed between the transducer and the molar (Figure 4.7E). Figure 4.7F shows the corresponding 

ultrasonograms. Both images show similar echo intensity and image clarity with clear 

visualization of the major structures of the tooth periodontium. The reflection intensity is 

affected by the acoustic impedance contrast of the interface, and the acoustic impedance value is 

given by the product of density and velocity. The densities of AF and DISC-40 hydrogel are 

1030 kg/m3 and 1075 kg/m3, respectively. Using their group velocities, the acoustic impedance 

of the hydrogel and AF are 1.62×106 and 1.64×106 rayls, respectively, very close to the acoustic 

impedance of human tissues (1.45 - 1.7×106 rayls). The impedance match of DISC-40 hydrogel 

with tissues avoids the significant transmission loss of ultrasound signals and ensures the 

enahnced echo intensity of ultrasound images. Although both couplants have comparable 

ultrasound quality and image clarity, the DISC-40 is more suitable for intra-oral imaging, as it 

has a lower attenuation for frequency higher than 20 MHz and a much stronger adhesive 

property compared to the commercial couplant AF (adhesion strength ~ 0.5 kPa on porcine skin) 

and other synthesized biocompatible gel pads in the literature (burst pressure ~ 294-320 mmHg 

on tissues) [63, 92, 93], which will avoid slipping across the transducer surface during scanning 

in the wet intraoral environment. 
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Figure 4.7 Ultrasound characterization for the gel pads. (A) Schematics of the experimental 

setup for ultrasound property measurement; (B) The phase velocities of DISC-40 and AF versus 

frequency; (C) The attenuation of DISC-40 and AF versus frequency; (D) Porcine molar used for 

ultrasound imaging with the arrow pointing to the scanned tooth; (E) Schematic diagram of a 

tooth-periodontium structures in which the couplant sits between the ultrasound transducer and 

the tissues; (F) The ultrasound image with DISC-40 and AF couplant. 

4.4 Conclusions 

In summary, we have developed a novel underwater adhesive hydrogel by mimicking the 

structure of mussel byssus cuticle. The hydrogel is engineered with a soft armour-like 

hydrophobic adhesive layer outside the hydrophilic hydrogel matrix by iron-chelation of 

polydopamine (PDA) and sodium dodecyl sulfate (SDS). By leveraging this unique soft armor-
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like architecture, the developed hydrogels exhibited instant and robust adhesion to various 

biological tissues via hydrophobic shell-induced rapid drainage as well as on-demand 

detachment via UV curing to trigger the transition of Fe3+/Fe2+. When applied as the sealant 

materials to the broken tissue, the developed DISC-40 exhibited a great resistance to the water 

penetration, even under high hydraulic pressure of ~ 975 mmHg. Meanwhile, the underwater 

adhesive hydrogel with high water content of 86.7 wt.% and exceptional biocompatibility could 

perform as the tissue couplant for ultrasound imaging, showing great impedance match with 

biological tissues and superior imaging quality for diagnosis in the wet intraoral environment. 

Taken together, the results demonstrated the remarkable merits of the as-prepared underwater 

adhesive hydrogel for practical applications as the bridging interface connecting human and 

medical apparatuses to support the in-vivo diagnosis and related clinical applications. 

4.5 Supporting Infromation 

4.5.1 EDS mapping and swelling test of DISC hydrogels 

 

Figure 4.S1 EDS mapping of element (A) carbon and (B) oxygen at the same location of Fig. 2A. 
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The water content (WC) was characterized by the initial weights (Wi) and the lyophilized 

weights (Wd) of  the hydrogel according to Eqn (1): 

                                                          (%) 100%i d

i

W W
WC

W

−
=                                                    (1) 

The swelling ratio (RS) of hydrogel was evaluated according to the weight of swelling (Ws) and 

dry (Wd) sample Eqn (2): 

                                                                s d
S

d

W W
R

W

−
=                                                              (2) 

 

Figure 4.S2 (A) Swelling ratio of DISC-40 hydrogel; (B) Water content of original and 

lyophilized DISC-40 hydrogel in swelling tests. 
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4.5.2 AFM force measurement experiment 

 

Figure 4.S3 (A) Schematic of a typical colloidal probe AFM force measurement using the silica 

probe and (B) SEM image of a typical silica sphere probe. 

 

Figure 4.S4 Viscosity versus shear rate for different saline solutions. 
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4.5.3 Size distribution 

 

Figure 4.S5 DLS size distribution of (A) 200 ppm dopamine, (B) 2000 ppm SDS, (C) 200 ppm 

dopamine, 2000 ppm SDS, and 10 mM FeCl3 solution in 700 mM NaCl saline solution. 

 

4.5.4 Toughness of developed hydrogels 

The toughness TU  of the hydrogel samples is defined as the area under the tensile stress–

strain curve: 

 
0

f

TU d


 =   

where   is the tensile strain, f  is the strain at the failure of the gel samples,   is the tensile 

stress. 
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Figure 4.S6 The toughness calculated from the nominal strain-stress curves of different 

hydrogels. 

 

4.5.5 Cycle tensile test of DIS-40min hydrogel 

 

Figure 4.S7 Tensile test of 5 loading-unloading cycles operating at 30 mm/min velocity. 
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4.5.6 Adhesion tests 

The effect of immersion time of DISC hydrogel in FeCl3 solution on its wet adhesion 

strength has been characterized. As shown in Fig. S8A, the wet adhesion strength of DISC 

hydrogel on porcine skin increased from 6.5 to 61.2 kPa with the immersion time from 0 to 60 

min while a slight decrease for the adhesion strength from 61.2 to 54.5 kPa was observed by 

further increasing the immersion time from 60 to 80 min.  

The effect of Fe3+ to the wet adhesion performance has also been investigated. As shown in 

Fig S8B, the wet adhesion strength of DISC-40 hydrogel on porcine skin increased from 6.5 to 

59.6 kPa with the increasing concentration of FeCl3 solution from 0 to 80 mM while further 

increasing Fe3+ concentration leads to a great decline in adhesion strength. This could be 

correlated to the increased Fe3+ concentration that generates a greater possibility of forming 

mono complex instead of tris complex which would decrease the cohesive strength of the 

hydrogel network [34]. Hence, 80 mM FeCl3 solution is used for the preparation of DISC 

hydrogel with the optimal wet adhesion strength. 

 

Figure 4.S8 (A) Wet adhesion strength of DISC hydrogel versus immersion time in in FeCl3 

solution; (B) Wet adhesion strength of DISC hydrogel versus concentration of FeCl3 solution. 
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Figure 4.S9 (A) Stability tests of the adhesion performance of DISC hydrogel in PBS and bovine 

blood; (B) Demonstration of hydrogel attached heart tissues after the stability test. 

 

4.5.7 Setup for burst pressure test 

 

Figure 4.S10 Schematics of the experimental setup for burst pressure measurement. 
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4.5.8 DISC hydrogel treated by UV curing 

 

Figure 4.S11 Optical image of DISC-40 hydrogel attached to porcine heart (A) without UV 

curing and (B) with UV curing; (C) cycle burst pressure test of DISC-40 after UV-curing and 

restore with 60 mM FeCl3 and 1 mg/mL dopamine solution. 

 

4.5.9 Cell viability 

 

Figure 4.S12 Representative confocal microscopy images of 2D culture of HEK 293 cells on the 

DISC-40 hydrogel after 12 h and 72 h incubation. 
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4.5.10 Ultrasound imaging 

Table 4.S1: Ultrasound velocities, dispersion, and nBUA of AF and the hydrogel. The dagger 

indicates that the quantity is determined at the spectral peak of 18.5 MHz.  
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CHPATER 5. Highly Stretchable, Elastic, Antimicrobial Conductive 

Hydrogels with Environment-adaptive Adhesive Property for Health 

Monitoring 

5.1 Introduction 

The recent thrust towards soft electronics has raised considerable attention due to its 

flexibility, stretchability, and multi-functionality, which fits the requirement of wearable devices 

for the non-invasive monitoring of body signals [1-7]. Compared to other soft electronics like 

carbon- or metal-based thin films [8, 9], hydrogel-based electronics exhibit a similar water 

content (70-80 wt.%) and good mechanical match with soft tissues [10], thus helps maintain a 

comfortable and conformal contact with the human body in motion and avoids the discomfort to 

the users. Among the ways to mount wearable hydrogel electronics onto the human body, using 

hydrogels with the adhesive property that can adhere to skins, tissues or other targeted surfaces is 

of great interest, due to their tight fit, conformable contact, and ease of operation. Although 

tremendous progress has been achieved in the aspects of sensitivity and cyclicity using 

conductive hydrogels as soft sensors, the reliable health monitoring in practical conditions still 

remains a challenge. For instance, the moisture or water and vigorous exercise would cause the 

detachment of hydrogels from the human body [11, 12]. Therefore, it is highly desirable to 

develop conductive and adhesive hydrogels with the proper adhesive property that is capable of 

being stably affixed to the substrates when applied as wearable electronics, withstanding wet 

conditions, and being removed mildly on demand. 

Hydrogel is a three-dimensional (3D) network, consisting of water as the majority and 

polymer as the minority. The abundant water in a hydrogel poses a significant challenge to settle 
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the stable connection with other surfaces [13]. Inspired by the adhesive strategy of some natural 

organisms like marine mussels, barnacles, and sandcastle worms, hydrogels have been advanced 

with the instant, universal, and robust adhesive properties to both the dry and wet substrates 

based on the catechol-related chemistry [14-20]. Despite the exciting progress that has been 

achieved in the recapitulation of the marine organisms-based adhesive strategy, the catechol-

derivatives-modified hydrogels with the self-adhesive property are usually limited by the 

complicated preparation method, material cost, and stability exposed to oxygen. Another 

disadvantage of self-adhesive hydrogel with double side adhesion for motion sensing 

applications is that the hydrogel sensor could indiscriminately stick to other undesired substrates 

instead of the target substrates upon contact. To achieve the wet adhesion in a more applicable 

way and an on-demand manner, an alternative strategy has been proposed by coupling hydrogels 

with an external adhesive layer using bridging polymers, thus endowing hydrogels with adhesion 

property only on the side facing to the target substrates [21-23]. The robust adhesion achieved by 

this strategy is originated from the synergy of both the bridging polymers and hydrogels: the 

bridging polymers should form connections via reversible interactions (e.g., hydrogen bonds and 

electrostatic interaction) with the hydrogels and target surfaces while hydrogels should contain 

dynamic bonds to dissipate energy when the hydrogel is stressed [24]. On the basis of this 

strategy, we applied the bridging polymers with stimuli-responsive property on the surface of 

conductive hydrogels to realize the environment-adaptive adhesion, specifically triggerable 

attachment and controllable benign detachment on diverse substrates in response to the 

environmental stimulus.  

Herein, we report a new class of conductive hydrogels not only showing outstanding 

elasticity, stretchability, self-healing, and antimicrobial properties which are favorable for 
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advanced soft electronics with improved reliability and lifespan, but also demonstrating stimuli-

responsive adhesion capability. The hydrogel is prepared by the copolymerization of hydrophilic 

monomer acrylamide (AM) and hydrophobic (Hb) monomer C18 preserved in cationic micelles 

(CM) consisting of benzalkonium chloride (BAC) and cetyltrimethylammonium chloride (CTAC) 

under 0.8 M NaCl saline conditions. The polyacrylamide is selected as the primary network of 

the hydrogel in this work due to its low cytotoxicity, stability, and elasticity with the dynamic 

crosslinking agents The obtained P(AM-Hb/CM) hydrogel contains dynamic non-covalent 

supramolecular interactions (hydrogen bond, hydrophobic, π-π, and cation-π interactions) [25-

27], resulting in the excellent mechanical properties for energy dissipation under stress. The pH-

responsive polymers (Alginate and PAA) as well as temperature-responsive polymers (F-127 and 

F-68) are applied on the surface of the hydrogel motion sensor to help connect the hydrogel with 

the target surface. The transition from stable attachment to on-demand detachment is realized via 

modulating the topological connection state of the stimuli-response polymers with hydrogels and 

substrates, specifically, adjusting pH from acidic to basic for Alginate/PAA or lowering down 

the temperature for F-127/F-68. Moreover, the antimicrobial property of the hydrogel is 

originated from the quaternary ammonium groups of the BAC/CTAC micelles in the hydrogel 

which is also evaluated by the microbial growth inhibition assay. All these desired traits make 

the conductive hydrogel-polymer system a smart motion sensing entirety for the detection of 

body motion signals as well as sealing tissue breakages and measuring hydraulic pressure with 

the reliable and repeatable response, which benefits the advances of non-invasive health 

monitoring. 
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5.2 Experimental methods 

5.2.1 Materials  

Acrylamide (AM, ≥ 99 wt.%), stearylmethacrylate (C18, ≥ 99 wt.%), benzalkonium 

chloride (BAC, 50 wt.% in H2O), cetyltrimethylammonium chloride (CTAC, 25 wt.% in H2O), 

Irgacure 2959 UV Photo-initiator (≥98 wt.%), poly(ethylene glycol) diacrylate crosslinker 

(PEGDA, Mn=700, ≥99 wt.%), sodium alginate (≥99 wt.%), poly(acrylic acid) (PAA, Mw 

~100,000, 35 wt.% in H2O), Pluronic® F-127 and F-68 (powder, BioReagent) were purchased 

from Sigma-Aldrich (Canada). Sodium chloride (powder), hydrogen chloride (HCl, 37 wt.% in 

H2O), and sodium hydroxide (NaOH, 50 wt.% in H2O) were purchased from Fisher Scientific 

(Canada). Porcine skin and heart were obtained from the local grocery store. Water used in all 

the experiments was generated by the Barnstead Smart2Pure pro water purification system 

(Thermo Scientific) with a resistivity of 18.2 MΩ·cm. 

5.2.2 Preparation of the Hydrogels  

In a typical process, 1.9g CTAC, 1.9g BAC, and hydrophobic (Hb) monomer C18 were 

firstly added in 20 mL of 0.8M NaCl solution at 50 ºC under magnetic stir until a clear solution 

was obtained. A series of conductive hydrogels were prepared by varying the Hb monomer to 

C18 (0.144, 0.288, and 0.432 g, denoted as Hb1, Hb2, and Hb3, respectively) to investigate the 

effect of micelle crosslinking on the mechanical properties of the developed hydrogel, donated as 

Hb-1, Hb-2, Hb-3, respectively. After that, the CTAC/BAC-C18-NaCl solution was cooled down 

to room temperature followed by adding 2g AM, 0.06g PEGDA, 0.08g Irgacure UV Photo-

initiator under nitrogen purge for 30 min. Finally, the obtained precursor solution was transferred 
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to a degas mold and placed in a UV-crosslinker for 20 min for the gelation of the P(AM-Hb/CM) 

hydrogel. 

5.2.3 Characterization of the Hydrogels 

Before characterization, the hydrogel samples were firstly quenched in liquid nitrogen and 

freeze-dried at -55 ºC. After that, the samples were cut by a blade cutter and the obtained section 

was used for Fourier transform infrared (FTIR) spectrometer and scanning electron microscope 

(SEM) analysis. The internal morphologies and the corresponding element distribution of the 

hydrogels were investigated using a field-emission scanning electron microscope (FE-SEM) 

(Zeiss Sigma 300 VP-FESEM, Germany) with energy-dispersive X-ray spectroscopy (EDS) 

operated at 7.5 keV acceleration voltage. Before SEM/EDS characterization, the hydrogel 

samples were gold-sputtered for 2 min with a thin layer of gold metal (~ 14 nm). FTIR 

spectrometer (Thermo Scientific Nicolet, iS50 FT-IR) was applied to identify the chemical 

composition of the freeze-dried hydrogel samples. 

5.2.4 Mechanical and Self-healing Properties of the Hydrogels 

The mechanical properties of the developed hydrogels are characterized by rheology 

measurement as well as tensile/compression tests at room temperature. All the rheology 

measurements were performed using a 2° cone configuration (20 mm-diameter) with a gap of 53 

μm. The viscoelastic behavior of the hydrogel was evaluated by oscillatory frequency sweep 

tests with the shear rates ranging from 0.1 to 100 rad/s, at a 10 % strain. Both the tensile and 

compression tests were performed using an AGS-X universal tensile tester (Shimadzu, Japan). 

Rectangular hydrogel samples with a fixed dimension of 25 mm (length) × 5 mm (width) × 1.2 

mm (thickness) were used for tensile tests at a constant stretching rate of 20 mm/s. Cylinder 
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hydrogel samples with a fixed dimension of 12.4 mm (diameter) × 15 mm (height) were prepared 

for compression tests at a constant stretching rate of 20 mm/s.   

The self-healing property of the hydrogel is characterized by both the rheological and 

tensile tests. The strain amplitude sweep was first conducted with the strain varying from 0.1 to 

1200%, at a frequency of 10 rad/s, to generate hydrogen network failure. After that, the strain 

was immediately switched from 1200% to 1% and kept for 60 s, at the same frequency of 10 

rad/s, to investigate the restoration of the hydrogel network. The self-healing capability of the 

hydrogel was also evaluated by measuring the tensile strength of the repaired samples. The 

original hydrogel samples were firstly cut into two halves with a scissor and the two separated 

interfaces were then brought into contact without the applied stress for 30 min and 12h at room 

temperature. After the healing process for a certain time, the healing efficiency was evaluated by 

the uniaxial tensile tests. 

5.2.5 Adhesive Property of the Hydrogels 

The adhesion property of the as-prepared hydrogels was characterized via the lap shear test 

using the same tensile test machine (AGS-X universal tensile tester, Shimadzu, Japan). The 

substrates used in this work include glass, wood, porcine skin and heart. The porcine skin and 

heart are mounted on the wood plate using the superglue (Gorilla Glue, Ohio, United States). The 

size of the hydrogel samples is kept at 20 mm (Length) x 5 mm (Width) x 1.2 mm (Thickness). 

The pH-responsive polymers (Alginate and PAA) solutions with a pH value of 8 and thermo-

responsive polymers (F-127 and F-68) solution at room temperature were first spread on the 

substrates. Then the hydrogel samples with specific pH and temperature conditions were placed 

between the substrates. After that, a preload of 25 kPa (weights on the contact interface of 

hydrogel with substrates) was applied for 30 min, followed by the adhesion tests. All the lap 
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shear tests were conducted at a constant extension velocity of 10 mm/min. The wet adhesion 

strength was collected by spreading the water at the contact interface of adherends and the 

hydrogel.  

5.2.6 Electrical and Sensing Performances of the Hydrogels 

The electrical conductivities (S) of hydrogels were first characterized by the 

electrochemical impedance spectroscopy using an electrochemical workstation (CHI920, CH 

Instruments, USA) [28]. The values of S  is obtained via the following equation:                                             

                                                                   b

L
S

R A
=


                                                                (1) 

where L  is the gauge length, A  refers to the cross-sectional area of the hydrogel sample 

and bR  is the bulk resistance obtained from the electrochemical impedance spectroscopy via 

frequency span from 10 -1 to 10 6 Hz (intercept at Z′ axis) with an amplitude of 5 mV at open 

circuit voltage.  

The response of the hydrogel to the stretching and compression were characterized by 

monitoring its variation of resistance ( 0/R R ) during the tensile and compression tests. The 

real-time current-time (I-t) curves of the hydrogel were recorded on an electrochemical 

workstation with a constant voltage of 1.5 V. Then 0/R R was calculated according to the 

following equation: 

                                                            

0

0

1
IR

R I


= −

                                                               (2)          

where 0I  represents the current at t = 0, I is the measured current. 
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5.2.7 Antimicrobial Assay  

Inhibition of microbial growth by the developed hydrogel against microbial was evaluated 

by the disc-diffusion method [29, 30]. Briefly, 150 μL E. coli in suspension at 10 6 colony 

forming units (CFU)/mL was spread on Luria-Bertain (LB) agar plates. The P(AM-Hb/CM) 

hydrogel was placed on the plates with pure PAM hydrogel serving as the control.[31] The plates 

were then incubated at 37 °C overnight. Zones of inhibition around each hydrogel disc were 

assessed to determine the antibacterial effect. 

To further evaluate the antimicrobial effect of the P(AM-Hb/CM) hydrogel, the hydrogel 

was incubated with 1 mL E. coli in suspension at 10 6 CFU/mL in a 12-well plate at 37 °C, 

followed by mild shaking for 4 h. The suspension was then evenly spread on the LB agar plates 

and incubated at 37 °C for 14h. Pure PAM hydrogel was used as the control. Colonies on each 

plate were counted by Image J software. 
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Figure 5.1 (A) Schematic illustration of the strategy to engineer adhesive soft sensor consisting 

of conductive hydrogel and stimuli response polymers; (B) Schematic illustration of the 

formation of P(AM-Hb/CM) hydrogel. 

 

5.3 Results and discussion 

5.3.1 Design and Molecular Engineering of Conductive Hydrogels with Environmental-

adaptive Adhesive Property  

As presented in Figure 5.1A, in order to functionalize the soft sensor with environment-

adaptive adhesive property, the conductive hydrogel is engineered with an adhesive layer 

consisting of different types of interpenetrating polymers including the pH-responsive polymers 



119 

 

(Alginate/PAA) and thermo-responsive polymers (F-127/F-68). More specifically, the bridging 

polymers solution is first prepared in their soluble range of pH or temperature while the hydrogel 

and the target surface are pre-set to the conditions (pH or temperature) that would result in the 

decreased solubility of the bridging polymers [32, 33].  

Following this design principle, the stable attachment of the hydrogel sensor to the target 

substrates is achieved via placing Alginate/PAA or F-127/F-68 between the hydrogel and target 

surfaces, which promotes the formation of bridging polymers being in topological connection 

state with the polymer network of the hydrogel and the target surfaces at acidic pH and body 

temperature, respectively. Meanwhile, the controllable detachment is triggered by changing the 

pH and temperature back to the soluble range of the bridging polymers (mildly basic pH of 8 and 

room temperature) at the contact interface of hydrogel with adherend substrates. Figure 5.1B 

illustrates the design of the conductive hydrogels consisting of a primary covalent network via 

the copolymerization of hydrophilic monomer acrylamide with Hb monomer C18 preserved in 

BAC/CTAC/C18 micelles. Two types of cationic surfactants (BAC and CTAC) were selected for 

the formation of micellar structures with C18 to involve multiple dynamic non-covalent 

interactions (i.e., hydrophobic, π-π and cation-π interactions) into the hydrogel matrix for better 

energy dissipation upon stretched which would enhance the stretchability of the hydrogels when 

served as the strain sensor. Also, the micellar structure could endow the hydrogels with excellent 

elasticity due to the fast and reversible reassembly of the micelles upon deformation, thus 

improving the fatigue resistance of the sensor [28, 34, 35]. Introducing ions into the hydrogel 

system can facilitate the micellar growth and solubilization of the Hb segment C18 in the cationic 

BAC/CTAC micelles, which leads to the incorporation of the hydrophobic monomer 

copolymerized in the PAM chain to form a crosslinking network [36]. 
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.  

Figure 5.2 (A) Frequency-dependent rheological measurements of P(AM-Hb3/CMx) hydrogels 

with different amounts of BAC in the cationic micelles, where x refers to the weight ratio of 

BAC to CTAC; (B) FTIR spectrum of P(AM-Hb3/CM0.5) hydrogel; (C) SEM images of the 

cross-sections of P(AM-Hb1/CM0.5) and P(AM-Hb3/CM0.5) hydrogels with EDS mapping of C 

and N; (D) EDS results of P(AM-Hb1/CM0.5) and P(AM-Hb3/CM0.5) hydrogels (data reported 

as means ± standard deviation (SD) for n = 10 for scanning times). 
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The viscoelastic behaviors of the developed P(AM-Hb/CM) hydrogels were first evaluated 

by rheological measurements. Figure 5.2A shows the storage modulus G′ and loss modulus G″ 

with the angular frequency ranging from 0.1 to 100 rad/s. For P(AM-Hb3/CM0) with pure 

CTAC micelles, a cross-over point of G′= G″ was found during the frequency sweep, indicating 

its solid-like behavior at low frequency (G′ > G″) and quasi-liquid behavior (G′ < G″) at high 

frequency. However, the values of G′ were always higher than G″ during the frequency sweep 

for P(AM-Hb3/CM0.5) and P(AM-Hb3/CM1) hydrogels with 0.5 and 1 weight ratio of BAC in 

total cationic micelles, respectively, suggesting a permanent elastic network was formed in both 

the hydrogel samples with a solid-like behavior [37]. This could be attributed to the alkyl-benzyl 

groups adjacent to the quaternary ammonium moieties of BAC in the micelles, forming π-π and 

cation-π interactions, which leads to a higher cross-linking density of the hydrogels [38]. The 

chemical composition of the P(AM-Hb3/CM0.5) hydrogel was characterized using FTIR 

spectrum shown in Figure 5.2B. The transmittance peaks located at 920, 1217 and 1650 cm−1 

were ascribed to the asymmetric bending the quaternary ammonium C-N+-R3, stretching of -C-

O-, and the aromatic C=C skeleton stretching vibration respectively, while the two peaks located 

at 2850 and 2916 cm-1 corresponded to the antisymmetric and symmetric stretching of the long 

alkyl chain belonging to the micelles, confirming the presence of BAC-CTAC/ C18 micelles in 

the hydrogel [39-42]. The internal morphologies of P(AM-Hb/CM0.5) hydrogels with different 

amount of hydrophobic monomer C18 were examined by SEM (Figure 2C). Compared with the 

loosely porous structure of P(AM-Hb1/CM0.5) with larger pore size around 10 μm, the P(AM-

Hb3/CM0.5) exhibited a denser network with a relatively smaller pore size around 2 μm. With 

the increase of hydrophobic monomer C18 during the hydrogel preparation, the cationic micelle 

forms more crosslinks with the PAM network, which leads to a denser microstructure with 
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smaller pore size. Figure 5.2C and 2D also show the EDS mapping of the P(AM-Hb1/CM0.5) 

and P(AM-Hb3/CM0.5) hydrogels, with the element mass fraction (Figure 5.2E). Compared to 

the EDS results of P(AM-Hb1/CM0.5) hydrogel, the increased mass fraction of carbon and 

decreased fraction of nitrogen detected on P(AM-Hb3/CM0.5) hydrogel surface further 

confirmed that the hydrophobic monomer C18 with long alkyl chain was incorporated into the 

PAM network and formed a dense network.  

5.3.2 Mechanical and Self-Healing Properties of the Hydrogels  

The mechanical properties of the obtained P(AM-Hb/CM) hydrogels were evaluated by 

both the tensile and compression tests using an AGS-X universal tensile testing machine. Figure 

5.3A illustrated the normalized tensile stress-strain curves of P(AM-Hb/CM) hydrogels with 

different compositions. With the increase of Hb segments C18 in the hydrogel, the tensile strength 

and the fractured strain are significantly increased from 9.2 kPa and 470 % for P(AM-

Hb1/CM0.5) to 85 kPa and 1130 % for P(AM-Hb3/CM0.5), respectively. Meanwhile, the 

hydrogels containing only CTAC or BAC were also investigated. Compared to the P(AM-

Hb3/CM0.5) with 0.5 weight ratio of BAC in total cationic micelles, the tensile strength and 

fractured strain of P(AM-Hb3/CM0) are relatively low (26 kPa at 710 %), while the P(AM-

Hb3/CM1) exhibits the highest tensile strength among all the samples but fractured early at 

820 % strain. As shown in Figure 5.3B, the toughness was then calculated to be 82.0, 212, 28.0, 

109, and 339 kJ/m3 for P(AM-Hb3/CM0), P(AM-Hb3/CM1), P(AM-Hb1/CM0.5), P(AM-

Hb2/CM0.5), and P(AM-Hb3/CM0.5), respectively. The elastic modulus of the obtained 

hydrogels were calculated from the linear region of the stress-strain curves, as shown in Figure 

5.S1. According to the above results, P(AM-Hb3/CM0.5) with the highest stretchability and 

toughness is selected as the conductive hydrogel for sensing experiments. Figure 5.S2 shows the 
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elasticity of P(AM-Hb3/CM0.5) at a tensile strain of 1000 %. The PAAFC-L hydrogel restored 

83 % of its original tensile strength when a relatively high strain of 1000% was applied, which 

demonstrated its good elasticity under large deformation. Figure 5.3C shows the successive 

loading–unloading tests of 100, 300, 600, and 1000 % strain cycles with a 2 min time interval 

between each cycle. The area between the loading-unloading curves here represents the 

dissipated energy, as shown in Figure 5.3D. The dissipated energy increased significantly with 

the stretch strain from 100 to 1000 %, which makes the hydrogel feasible as the energy 

dissipative matrix to delay the interfacial detachment when applied as the adhesive hydrogels 

[38]. Figure 5.3E and 3F show the compressive stress-strain and cycling stress-time curves, 

respectively. The P(AM-Hb3/CM0.5) hydrogel exhibits a compressive stress of 250 kPa at 80% 

strain and maintains almost unchanged after 7 loading-unloading cycles. The nearly identical 

loading and unloading curves indicate the excellent elasticity of the hydrogel. The above results 

indicated that the developed P(AM-Hb3/CM0.5) shows good mechanical properties to resist the 

external force when being stretched or compressed. 
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Figure 5.3 (A) Typical stress−strain curves of P(AM-Hb/CM) hydrogel with various content of 

Hb segments and composition of cationic micelles; (B) toughness of P(AM-Hb/CM) hydrogels 

(data reported as means ± SD for n = 3 samples per group); (C) representative cyclic tensile 

loading–unloading curves with a gradual strain increase for the P(AM-Hb3/CM0.5) hydrogel and 

(D) the dissipated energy under different strain; (E) representative compressive stress-strain 

curve for P(AM-Hb3/CM0.5) hydrogel with (F) cycling compressive stress-time curve. 
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Figure 5.4 Self-healing properties of the P(AM-Hb3/CM0.5) hydrogel. (A) Oscillatory strain 

sweep of the hydrogel (left) followed by a time sweep recovery from 1200 % to 1% strain (right); 

(B) G’ and G” of the cyclic steps with shear strain shifting between 1% and 300%; (C) Optical 

images of the hydrogel after cutting and healing for 10 min. 

 

Strain sweep and cyclic step strain measurements were then conducted to evaluate the self-

healing performances of the P(AM-Hb3/CM0.5). As shown in Figure 5.4A, the storage modulus 

surpassed the loss modulus in a broad oscillatory strain range from 0.1% to 113%. The crossover 

of G′ and G″ occurred at the oscillatory strain of 113%, which manifested the hydrogel network 

started to rupture. Further increasing shear strains resulted in higher G″ than G′, indicating 

severe damage of the hydrogel network. However, when the strain switched back to 1% at the 

frequency of 10 rad/s, both G′and G″ recovered to the initial values within 40 s. Meanwhile, the 
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repeatability of the self-healing properties of the PCM hydrogel was then analyzed via the cyclic 

step strain experiment by switching between small and large amplitude of 1 and 300 % strain 

with the step time of 60 s, respectively. As shown in Figure 5.4B, when a continuous shift 

between 1 and 300 % strain was applied, the G′and G″ of the hydrogel could repeatedly recover 

to their initial value within a 60 s step time, exhibiting a good recycling ability of its mechanical 

strength towards large strain. The quick restoration of the shear modulus as well as the 

exceptional cycling performance of the hydrogel indicate its capability of the network 

reconstruction after deformation, which could be ascribed to the dynamic non-covalent 

interactions of the hydrogel that undergoes reversible dissociation/association process. Moreover, 

the rectangular hydrogel samples were cut into pieces and the freshly generated surfaces were 

brought back into contact to enable healing process. After a 10 min contact, the two adhered 

pieces could withstand stretching and bending, as shown in Figure 5.4C. The mechanical 

strengths of the healed hydrogels were also measured by the tensile tests (Figure 5.S3), where the 

self-healed hydrogel reached the elongations of 126 and 357% after 30 min and 12 h of healing, 

respectively. Besides the self-healing property, the self-recovery and antifatigue performances of 

the developed P(AM-Hb3/CM0.5) hydrogel were also characterized by cyclic tensile tests 

without resting time [43]. As shown in Figure 5.S4, the hysteresis loop in the 1st cycle indicated 

that the hydrogel could dissipate energy under the loading-unloading process of tensile tests. 

However, the maximum tensile stress of the hydrogel decreased after the 1st cycle and tended to 

be stable after 3rd cycle. This could be ascribed to the dynamic feature of the micelle-crosslinked 

network with multiple non-covalent interactions. The hydrogel network is partially destroyed 

during the stretching of first cycle and leads to the decrease of tensile strength in the subsequent 

cycles. The stable cycling performance from 3rd to 10th cycles is originated from the dynamic 
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non-covalent interactions preserved in the hydrogel network that undergoes reversible 

dissociation/association process [44]. The reversible network structure endowed the hydrogels 

with excellent fatigue resistance property. 

 

5.3.3 Adhesive Property of the Hydrogels  

With the assistance of bridging polymers, P(AM-Hb3/CM0.5) hydrogel exhibited an 

excellent adhesive performance to various substrates and demonstrated temperature- or pH-

modulated adhesion capabilities. As shown in Figure 5.5A, the F-127-coated P(AM-Hb3/CM0.5) 

hydrogel can tightly attach to the human skin and resist the flow of warm water (around 37 ºC 

close to body temperature). Meanwhile, the wood and porcine skin connected by Alginate-coated 

P(AM-Hb3/CM0.5) hydrogel at acidic pH of 3 could lift a weight of 100 g. The wet adhesive 

strength of the developed hydrogels was measured by lap-shear tests with water spread at the 

attached interfaces, as shown in Figure 5.S5. Figure 5.5B shows the measured adhesion strength-

extension curves of pure and Alginate-coated P(AM-Hb3/CM0.5) hydrogel at pH 3 and 9 placed 

between porcine skin under wet conditions. Incorporation of Alginate on the surface of P(AM-

Hb3/CM0.5) hydrogel significantly increased the adhesion strength from 6 kPa for pure P(AM-

Hb3/CM0.5) hydrogel to around 30 kPa for Alginate-coated hydrogel at pH 3. Meanwhile, the 

adhesion strength decreased to ~ 8 kPa for Alginate-coated hydrogel at pH 9, which is within the 

range of soluble pH for Alginate (pKa around 4). The basic pH leads to the increase of solubility 

of alginate, thus inducing the instability of its connection with the hydrogel and porcine skin. 

The adhesion property of pH-responsive polymers Alginate and PAA was further investigated. 

Figure 5.5C shows the effect of environmental pH on the adhesion strength, ranging from pH 3 

to 9. Both the Alginate and PAA exhibited a higher adhesion strength at acidic pH of 3 and 4 
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while a significant decrease was observed for pH over 5. This phenomenon could be correlated 

to the protonation/deprotonation of carboxyl groups of Alginate/PAA with the pKa ~ 4. At lower 

pH, most of the carboxyl groups of the Alginate/PAA are protonated, which induces their 

decreased solubility from water and the formation of intra- and inter-molecular hydrogen bonds, 

thus rendering the topological connection with the hydrogel and substrates. At higher pH over 5, 

most of the carboxyl groups of the Alginate/PAA are deprotonated, resulting in their increased 

solubility and decreased adhesion strength to realize the controllable detachment [32]. Figure 

5.5E shows the effect of environmental temperature on the thermo-responsive polymers of F-

127/F-68, ranging from 20 to 37 ºC. There is no obvious enhancement of the adhesion strength 

of F-127/F-68-coated P(AM-Hb3/CM0.5) at low temperatures of 20 and 25 ºC. At 37 ºC, a 

significant increase in adhesion strength of both F-127 and F-68 was detected. This is correlated 

to the critical solution temperature (LCST) of Pluronic F-127 and F-68 around or slightly below 

the physiological temperatures. At elevated temperatures around 37 ºC, the thermo-responsive F-

127 and F-68 form a more stable hydrophobic association due to the dehydration of PEO heads 

of F-127/F-68 that reduce their steric repulsions [28]. Figure 5.5D and 5F show the effect of 

polymer concentration on the adhesion strength. The adhesion strength of both Alginate/PAA 

and F-127/F-68 increased with their polymer concentration, at pH 3 and 37 ºC, respectively. 

Generally, the adhesion strength of Alginate is higher than that of PAA, which is attributed to the 

higher molecular weight and viscosity of Alginate to PAA. Similarly, the adhesion strength of F-

127 is higher than F-68, due to the higher molecular weight forming a more stable hydrophobic 

association at the contact interface of hydrogel with porcine skin. Figure 5.5G shows the 

adhesion strength of Alginate/PAA-coated P(AM-Hb3/CM0.5) hydrogel at pH 3 and pH 9 and F-

127/F-68-coated P(AM-Hb3/CM0.5) hydrogel at 25 and 37 ºC to various substrates including 
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glass, wood, porcine skin and heart. The Alginate/PAA-coated or F-127/F68-coated P(AM-

Hb3/CM0.5) hydrogel exhibited a relatively high adhesion strength to various substrates at pH 3 

or 37 ºC, respectively, while the decline of adhesion occurred for both the cases at pH 9 or 25 ºC, 

respectively, realizing the transition of attachment/detachment in response to the external stimuli. 

Figure 5.5H demonstrates the stability of P(AM-Hb3/CM0.5) hydrogel (dyed by Basic blue) 

attached to the porcine skin with the assistance of Alginate at pH 3, withstanding the stretch and 

bend. The above results indicated that the developed hydrogel-polymer system possesses a 

universal adhesive property to various substrates with controllable removability, which holds 

great potential as the adhesive motion sensor in an on-demand manner under practical conditions. 
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Figure 5.5 Adhesive properties of the P(AM-Hb3/CM0.5) hydrogel. (A) Optical images of 

hydrogel attached to human body, wood, and porcine skin; (B) Typical adhesion strength-

extension curves of the hydrogel with 5 wt.% alginate at different pH conditions measured by lap 

shear tests using porcine skin as the substrate; Adhesion strength of the hydrogel with 

PAA/alginate at various (C) pH and (D) alginate concentrations as well as with F-68/F-127 at 

various (E) pH and (F) alginate concentrations (data reported as means ± SD for n = 3 samples 

per group); (G) Adhesion strength of the hydrogel with different target substrates (data reported 
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as means ± SD for n = 3 samples per group); (H) Optical images of the adhered hydrogel remains 

intact after stretching and bending. 

5.3.4. Electrical Properties and Sensing Performance of the Hydrogels  

The conductivities of the hydrogels were determined by the electrochemical impedance 

spectra measured using an electrochemical workstation (CHI920, CH Instruments). Figure 5.6A 

shows the conductivities of pure PAM and P(AM-Hb3/CM0.5) hydrogels with varying salinity. 

The conductivity of pure PAM is relatively low with the value of ~ 0.08 S/m, due to the 

insufficient ions in the hydrogel. In contrast, the conductivity of P(AM-Hb3/CM0.5) hydrogels is 

greatly increased with the increasing salinity (from 0.2 to 0.8 M NaCl) and reaches 2.72 S/m for 

P(AM-Hb3/CM0.5) hydrogel containing 0.8 M NaCl, which is comparable to the previously 

reported conductive hydrogels (conductivity 1.5-10 S/m) used for the efficient motion sensing [2, 

4, 10, 28]. Figure 5.S6 shows the relative variation of resistance (ΔR/R0) of the PCM hydrogel 

with 0.8 M salinity in response to 300 % tensile strain. The ΔR/R0-strain curve exhibits a linear 

relationship with the slope of the curve referred as the gauge factor from 0-200 %. The gauge 

factor of P(AM-Hb3/CM0.5) hydrogel is determined to be 0.9 and 3.2 within the tensile strain of 

0-110 % and 110-200 %, respectively, representing the sensitivity of the hydrogel in response to 

the stretching.  

The repeatability of the strain-sensitive electrical performance of P(AM-Hb3/CM0.5) 

hydrogel was investigated by the cyclic loading/unloading tests between 0 and 100 % tensile 

strain. As shown in Figure 5.6B and 5.S7, the ΔR/R0 of P(AM-Hb3/CM0.5) hydrogel in response 

to a 100 % strain remained almost unchanged after 50 cycles, indicating its potential to provide 

stable and reliable sensing signals in long-term use. Figure 5.6C shows the ΔR/R0-time curve of 

P(AM-Hb3/CM0.5) hydrogel when applied to monitor the finger bending. At the bending angle 



132 

 

of 15º, 30º, and 45º, the sensing was conducted for least 10 times and the obtained signals of 

resistance variation are highly repeatable. In addition to the tensile tests, the response of the 

P(AM-Hb3/CM0.5) hydrogel to the compression was also investigated. Figure 5.6D shows the 

ΔR/R0-time curve P(AM-Hb3/CM0.5) hydrogel with compressive strain range from 20 to 70 %. 

Contrary to the tensile strain, the resistance variation turns to be negative value under 

compression and the obtained signals are highly stable and repeatable under all the compressive 

strains. The effect of the self-healing ability of the P(AM-Hb3/CM0.5) hydrogel on its electrical 

performance was also investigated by recording the current change during the cut/healing 

process. The P(AM-Hb3/CM0.5) hydrogel is connected in the series circuit with a LED lamp. 

The LED light extinguished when the hydrogel in the circuit was cut into two pieces and 

lightened up immediately as the separated pieces were brought into contact (Figure 5.6E). It 

could also be observed from the current change of the cut/healing process (Figure 5.6F) that the 

cut of the hydrogel resulted in a sudden drop of the current while the healing of the hydrogel led 

to a slight fluctuation of the current but stabilized after ~ 3 s. The cut-healing process was 

conducted for 3 times at different locations, and the rapid restoration of electrical performance 

was observed in all the cut-healing steps, indicating the repeatable self-healing of the 

conductivity of the P(AM-Hb3/CM0.5) hydrogel. In addition to the motion-sensing tests, the 

P(AM-Hb3/CM0.5) hydrogel was also applied on the broken substrate (porcine skin) to test its 

potential in sealing the breakage and monitoring the local hydraulic pressure, as shown in Figure 

5.6G. The experiment setup is illustrated in Figure 5.S8. Figure 5.6H shows the measured 

relative resistance change (ΔR/R0) of the P(AM-Hb3/CM0.5) hydrogel in response to different 

hydraulic pressures. The P(AM-Hb3/CM0.5) hydrogel could resist the hydraulic pressure up to ~ 

85 mmHg (comparable to human blood pressure of ~ 60-120 mmHg). The relative resistance 
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change of the P(AM-Hb3/CM0.5) hydrogel is attributed to its deformation in response to the 

varied hydraulic pressure, which provides an alternative method of non-invasive hydraulic 

pressure monitoring by transducing the variation of pressure to electrical signals for the more 

applicable measurement [45, 46].  

 

Figure 5.6 Electrical properties of the P(AM-Hb/CM) hydrogels. (A) Conductivities of 

hydrogels with different salt conditions (data reported as means ± SD for n = 3 samples per 

group); (B) Relative resistance change (ΔR/R0) of the P(AM-Hb3/CM0.5) hydrogel during 50 

stretching−releasing cycles between 0 and 100% strain; (C) Demonstration of the P(AM-



134 

 

Hb3/CM0.5) hydrogel as the motion sensor for detecting finger bending; (D) ΔR/R0 of P(AM-

Hb3/CM0.5) hydrogel during compressive tests under different strain; (E) Demonstration of 

electrical self-healing ability of the P(AM-Hb3/CM0.5) hydrogel with a LED lamp in the series 

circuit with the monitoring of (F) current change of the hydrogel with three cut and healing 

processes; (G) Optical images of hydrogel applied to seal the seal the puncture area on porcine 

skin with the monitoring of (H) the hydraulic pressure. 

5.3.5 Antimicrobial Property of the Hydrogels  

The antimicrobial capability is highly desirable for wearable hydrogel electronics to avoid 

microbial accumulation that might impair the sensing performances [47, 48]. The antimicrobial 

property of the developed hydrogel was evaluated by the microbial growth inhibition assay 

employing E. coli. Figure 5.7A is a representative picture showing inhibition of E. coli growth 

by the P(AM-Hb3/CM0.5) but not pure PAM hydrogel. We think that the inhibition would be 

attributed to the interaction of quaternary ammonium moiety with a long alky chain belonging to 

BAC/CTAC micelles with bacterial cell walls [49].  

The spread plate method was further used to quantitatively evaluate the antimicrobial 

property of the PCM hydrogel. In a typical experiment, both PAM and P(AM-Hb3/CM0.5) 

hydrogels were first immersed in E. coli in suspension, followed by a mild shaking for 4 h. The 

suspension was then transferred and spread on LB agar plates, followed by another incubation 

for 14 h. As shown in Figure 5.7B, 5.S9A, and S9B, the number of colonies in agar plates treated 

with the P(AM-Hb3/CM0.5) hydrogel is 91 ± 0.019 % lower than that with PAM hydrogel. A 

proposed mechanism of the P(AM-Hb3/CM0.5) hydrogel-mediated inhibition is illustrated in 

Figure 5.7C. These results demonstrated that the P(AM-Hb3/CM0.5) hydrogel containing 
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quaternary ammonium micelles exhibits significant inhibitory effect on the E. coli growth, 

indicating a reduced probability of microbial accumulation on the hydrogel surface. 

 

Figure 5.7 Antibacterial properties of hydrogel P(AM-Hb3/CM0.5). (A) Representative optical 

image showing an inhibition zone; (B) Representative E. coli colonies and averaged survival rate 

after incubation with PAM or P(AM-Hb3/CM0.5) hydrogel (n=3, ** represents p < 0.01); (C) 

Proposed antibacterial mechanism. 

5.4 Conclusions 

In this work, we have developed a highly stretchable, elastic, self-healing, and 

antimicrobial hydrogel ionic conductor. The as-developed (AM-Hb3/CM0.5) hydrogel is 

composed of a covalent PAM network with crosslinked BAC/CTAC/C18 micelles containing 

multiple dynamic and reversible non-covalent interactions (e.g., hydrogen bonding, hydrophobic, 

π-π, and cation-π interactions). The resulting hydrogel exhibits excellent stretchability (over 

1100% strain), elasticity (over 83% recovery from 1000% tensile strain), and reliable electrical 
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and sensing performances. Moreover, the hydrogel ionic conductor was integrated with stimuli-

responsive polymers to enable triggerable adhesion and on-demand removability for various 

substrates. Compared to inherently adhesive hydrogels, the P(AM-Hb3/CM0.5) possesses an 

environment-adaptive adhesive property with the assistance of pH-responsive polymers of 

Alginate or PAA as well as thermo-responsive polymers of F-127 or F-68 to achieve the stable 

attachment to and controllable detachment from the target substrates, which benefits the 

repositioning of fixed hydrogel sensors without causing damage to either the hydrogels or the 

attached surfaces. This work offers a promising strategy in constructing smart soft sensors, 

which holds great promises for the reliable, reproducible, and effective detection of body motion 

signals, which is critical for human health monitoring devices. 

 

5.5 Supporting Infromation 

5.5.1 Elastic modulus and recovery of the hydrogel 

 

Figure 5.S4 Elastic moduli of the obtained P(AM-Hb/CM) hydrogels (data reported as means ± 

standard deviation (SD) for n = 3 samples per group).  
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Figure 5.S2 Tensile loading/unloading cycles of 1000% strain for P(AM-Hb3/CM0.5) hydrogel. 

5.5.2 Self-healing of PCM hydrogel 

 

Figure 5.S2 Stress-strains curves of P(AM-Hb3/CM0.5) hydrogel hydrogels healed at different 

contact time of 30 min and 12 h. 
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Figure 5.S5 10 successive cyclic tensile loading−unloading curves of P(AM-Hb3/CM0.5) 

hydrogel at a strain of 150% without resting between each cycle. 

 

 

5.5.3 lap shear tests 

 

Figure 5.S5 (A) Schematic and optical images of lap shear tests using different substrates; (B) 

adhesion strength-extension curve of P(AM-Hb3/CM0.5) hydrogel measured using porcine skin 

as the substrate with the assistance of F-127 at 25 and 37 ˚C, respectively. 
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5.5.4 Sensitivity of P(AM-Hb3/CM0.5) hydrogel 

 

Figure 5.S6 Relative resistance change (ΔR/R0) of P(AM-Hb3/CM0.5) hydrogel with the 

applied strain from 0-300 %. 

 

5.5.5 Cycling tests for conductivity 

 

Figure 5.S7 50 tensile loading/unloading cycles of 100% strain for P(AM-Hb3/CM0.5) hydrogel. 
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5.5.6 Experiment setup for hydraulic pressure monitoring 

 

Figure 5.S8 Experiment setup for hydraulic pressure monitoring. 

 

5.5.7 Antibacterial tests 

 

Figure 5.S9 E coli colonies after incubation with pure PAM and P(AM-Hb3/CM0.5) hydrogel. 
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CHAPTER 6 Conclusions and Future Work 

6.1 Major Conclusions and Contributions 

In this thesis work, different types of inter- and intra-molecular interactions inspired by the 

marine mussel biological system have been studied and orchestrated to functionalize protective 

coatings and adhesive hydrogels for environmental and biomedical applications. The correlated 

interaction mechanisms regarding the working function of the developed coating and hydrogel 

materials have been investigated by the surface force measurement using the drop and colloidal 

probe AFM techniques. The major conclusions and original contributions are listed below:   

(I) A facile and scalable PDA-PAA-PMTAC coating was successfully fabricated and 

applied for membrane filtration of O/W emulsions protected with different surfactants via a 

tunable surface force-based strategy. The surface charge of the PDA-PAA-PMTAC coating 

could be adjusted by the solution pH mainly due to the protonation/deprotonation of carboxylic 

groups on the coating surface. The results from the surface force measurements indicate that 

altering the solution pH leads to the positively or negatively charged coating surface, and strong 

electrostatic repulsion was measured between the CTAB or SDS-stabilized toluene droplets and 

the polymer coating, respectively. Hence, the attachment behavior of the toluene droplets was 

prevented on the coating surface, suggesting good antifouling performance. The oil/water 

separation performance tests using the PDA-PAA-PMTAC-coated membrane demonstrate that 

the water permeability was significantly influenced by solution pH. An exceptional separation 

performance was achieved with the filtration water flux over 3000 L m-2 h-1 bar-1 for both the 

CTAB-stabilized emulsions at pH 4 and SDS-stabilized emulsion at pH 10 with the separation 

efficiency > 99.8 %. Moreover, the functionalized membrane contaminated by emulsion drops 
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could be readily regenerated through immersion in 1 mM NaCl solution of suitable pH, 

indicating a superior reusability. This work improves the fundamental understanding of the 

surface interaction mechanisms associated with the fouling and antifouling issues in emulsion-

related water treatment, and provides useful insights into the development of regenerable 

functional membrane surfaces with tunable surface interactions for various environmental 

applications such as oil/water separation. 

(II) A novel underwater adhesive hydrogel was developed by mimicking the structure of 

mussel byssus cuticle. The hydrogel is engineered with a soft armour-like hydrophobic adhesive 

layer outside the hydrophilic hydrogel matrix by modulating iron-chelation of polydopamine 

(PDA) and sodium dodecyl sulfate (SDS). By leveraging this unique soft armour-like 

architecture, the developed hydrogels exhibited instant and robust adhesion to various biological 

tissues via hydrophobic shell-induced rapid drainage as well as on-demand detachment via UV 

curing to trigger the transition of Fe3+/Fe2+. When applied as the sealant materials to the broken 

tissue, the developed DISC-40 exhibited a great resistance to the water penetration, even under 

high hydraulic pressure of ~ 975 mmHg. Meanwhile, the underwater adhesive hydrogel with 

high water content of 86.7 wt.% and exceptional biocompatibility could perform as the tissue 

couplant for ultrasound imaging, showing great impedance match with biological tissues and 

superior imaging quality for diagnosis in the wet intraoral environment. Taken together, the 

results demonstrated the remarkable merits of the as-prepared underwater adhesive hydrogel for 

practical applications as the bridging interface connecting human and medical apparatuses to 

support the in-vivo diagnosis and related clinical applications. 

(III) An ultra stretchable, elastic, self-healing, and antimicrobial hydrogel ionic conductor 

was developed. The as-developed (AM-Hb3/CM0.5) hydrogel is composed of a covalent PAM 
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network with crosslinked BAC/CTAC/C18 micelles containing multiple dynamic and reversible 

non-covalent interactions (e.g., hydrogen bonding, hydrophobic, π-π, and cation-π interactions). 

The resulting hydrogel exhibits excellent stretchability (over 1100% strain), elasticity (over 83% 

recovery from 1000% tensile strain), and reliable electrical and sensing performances. Moreover, 

the hydrogel ionic conductor was integrated with stimuli-responsive polymers to enable 

triggerable adhesion and on-demand removability for various substrates. Compared to inherently 

adhesive hydrogels, the P(AM-Hb3/CM0.5) possesses an environment-adaptive adhesive 

property with the assistance of pH-responsive polymers of Alginate or PAA as well as thermo-

responsive polymers of F-127 or F-68 to achieve the stable attachment to and controllable 

detachment from the target substrates, which benefits the repositioning of fixed hydrogel sensors 

without causing damage to either the hydrogels or the attached surfaces. This work offers a 

promising strategy in constructing smart soft sensors, which holds great promises for the reliable, 

reproducible, and effective detection of body motion signals, which is critical for human health 

monitoring devices. 

6.2 Future Work 

(I) Although great antifouling performances of the superhydrophilic surfaces with tunable 

electrical properties have been achieved via the synergy of short-range hydration force and long-

range electrostatic interactions. In practical applications, the unsatisfying mechanical strength of 

the soft polymer coating still limits the durability of the antifouling coating materials. One of the 

possible solutions is to incorporate solid support materials into the polymer coating to form a 

protective composite matrix which can greatly improve its resistance to the external forces. 

Another viable strategy is to design self-healing functions with the controllable release healing 

agent embedded in the coating layer and exposed to help the repair of the coating in response to 
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the external stimuli. These two strategies could be promising directions to improve the durability 

of antifouling coatings in practical applications. 

(II) Although constructing hydrophobic surface over the hydrogel matrix significantly 

improves the wet adhesion capability of adhesive hydrogels. However, in this case, the cohesion 

failure always occurred during the detachment of the adhesives mainly due to the surface layer 

having a denser structure and catechol moieties being concentrated at the contact interface of 

adhesive and substrates. One of the viable solutions is to incorporate another type of dynamic 

bond that would not be affected by the metal coordination chemistry and support the cohesion 

strength of the hydrogel to dissipate energy and further improve the adhesion strength of the 

hydrogel. Precise design of the materials chemistry and the investigation of the corresponding 

intramolecular interactions are required to advance this soft armour-like layer-protected hydrogel 

system. 

(III)  Although great mechanical and sensing performances were achieved by incorporating 

multiple dynamic and reversible non-covalent interactions (hydrogen bonding, hydrophobic, π-π, 

and cation-π interactions) into the conductive hydrogels. The sensitivity within the range of 0-

100% strain is not sufficient enough to deliver the signal of some subtle body signals such as 

sound waves and pulses. One of the potential solutions is to add electronic conductive materials 

into the ionic conductive polymer matrix. By combing electronic and ionic conductive materials 

in the hydrogel system, the conductivity and sensitivity could be further improved. 
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