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Abstract 

Nature is a treasure for material engineers, and learning from nature can play a key role in the 

design of novel materials for the future. Mussels, marine organisms that have been extensively 

studied in recent years, have evolved a set of adhesion mechanisms that enable them to form robust 

attachments to various surfaces underwater. This PhD study aims to mimic natural mussel 

adhesion to design practical coatings and adhesives with novel functionalities. This work can be 

divided into two sections: (i) coatings based on dopamine and (ii) adhesives for wet environments. 

There are two studies on coatings. The first study is mainly focused on characterising the optical 

properties of polydopamine (PDA) coatings and developing a proper modelling approach for the 

ellipsometry analysis of PDA coatings. The second study is focused on adjusting the properties of 

PDA coatings with a combined approach of dopamine co-deposition and layer-by-layer assembly; 

this approach is then applied to construct coatings with tuneable functionalities. The adhesive 

research also comprises two studies. The first study is dedicated to developing water-resistant bio-

based adhesives by mimicking mussel adhesion mechanisms. The second study is focused on 

developing a novel adhesive inspired by mussel glue; the developed adhesive can bond various 

surfaces underwater as well as covalently cure to produce more durable adhesion. 
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Résumé 

Naturen er et skattekammer for materialeingeniører, og at lære af naturen kan spille en nøglerolle 

i udformningen af nye materialer til fremtiden. Muslinger, marine organismer, der er blevet 

grundigt undersøgt i de senere år, har udviklet et sæt adhæsionsmekanismer, der gør dem i stand 

til at danne robuste vedhæftninger til forskellige overflader under vandet. Dette ph.d.-studie har til 

formål at efterligne naturlig muslingeadhæsion for at designe praktiske coatinger og klæbemidler 

med nye funktioner. Dette arbejde kan opdeles i to sektioner: (i) coatinger baseret på dopamin og 

(ii) klæbemidler til våde miljøer. Der er to studier om belægninger. Det første studie er 

hovedsageligt fokuseret på at karakterisere de optiske egenskaber af polydopamin (PDA) coatinger 

og udvikle en ordentlig modelleringstilgang til ellipsometrianalyse af PDA-coatinger. Det andet 

studie er fokuseret på at justere egenskaberne af PDA-coatinger med en kombineret tilgang af 

dopamin co-deposition og lag-for-lag samling; denne fremgangsmåde anvendes derefter til at 

konstruere coatinger med justerbare funktionaliteter. Klæbemiddelforskningen omfatter også to 

studier. Det første studie er dedikeret til at udvikle vandafvisende biobaserede klæbemidler ved at 

efterligne muslingevedhæftningsmekanismer. Det andet studie er fokuseret på at udvikle et nyt 

klæbemiddel inspireret af muslingelim; det udviklede klæbemiddel kan binde forskellige 

overflader under vandet samt kovalent hærde for at producere mere holdbar vedhæftning. 

  



iii 
 

Acknowledgement 

First of all, I thank my principal supervisor, Professor Esben Thormann, for providing me with the 

opportunity to pursue my PhD at DTU. I would like to express my sincere gratitude to him for the 

tremendous encouragement, discussion, constructive advice, and support, which are invaluable for 

my project and personal life. Besides my current study, he was also concerned about my future 

study and gave me lots of suggestions for my career planning. It has been a great pleasure to have 

him as my supervisor during this most important period of my life. 

I am also grateful to my co-supervisor Dr. Saeed Zajforoushan Moghaddam for his patient 

instructions concerning laboratory instruments, insightful discussions regarding my project, and 

constructive comments on academic writing. I am fortunate to have Saeed as my supervisor, who 

is very kind, smart, and professional. In addition, I would like to thank my other co-supervisor, 

Associate Professor René Wugt Larsen for his discussion and help. 

Furthermore, I would like to express my appreciation to all my colleagues, especially my friends 

(Koosha Ehtiati, Frederik Hegaard, Johannes Eiler, Robert Andrew Biro, Junhao Huang, Tao Jiang, 

Junjie Kang, Fatemeh Keshavarzi, Daniel Hansen, Achebe Niels Olesen Nzulumike, Palanisamy 

Anand Raj, and Mariusz Kubus) from the Group of Polymers and Functional Interfaces (GPFI). 

Thank you for making GPFI into a family with a warm atmosphere, where I always feel at home. 

The experience with all of you is enjoyable, which is the kind of memory worth cherishing for a 

lifetime. I also thanks my other friends Ping Zhu, Faliu Yang, Kai Gao, and Runwei Yao. 

Finally, a great thanks to my family for their love, trust, and support throughout my education. I 

also acknowledge the financial support from the China Scholarship Council (CSC) and DTU 

Chemistry.  



iv 
 

List of abbreviations 

A  Area 

AFM   Atomic force microscopy 

aminePPO Triamine terminated poly(propylene oxide) 

CPS  Colloidal probe atomic force spectroscopy 

Cu2+  Copper ion 

DA   Dopamine 

DBA  3,4-dihydroxybenzaldehyde  

Dopa   L-3,4-dihydroxyphenylalanine  

epPPO  Poly(propylene oxide) diglycidyl ether 

F  Force 

FT-IR  Fourier-transform infrared spectroscopy 

LBL  Layer-by-layer 

MADQUAT  Poly(2-(trimethylamino) ethyl methacrylate 

Mfps  Mussel foot proteins 

MSE  Mean squared error 

Mw  Weight-average molecular weight   

PDA   Polydopamine 

PDMS   Poly(dimethylsiloxane) 

PEI   Polyethyleneimine 

PMMA  Poly(methyl methacrylate) 

PPO   poly(propylene oxide) 



v 
 

PS   Polystyrene  

PSAs   Pressure-sensitive adhesives 

PVA  Polyvinyl alcohol 

PVC   Polyvinyl chloride 

QCM-D  Quartz crystal microbalance with dissipation monitoring 

SFA  Surface forces apparatus 

SMFS   Single-molecule force microscopy 

TA   Tannic acid 

TEOS   Tetraethyl orthosilicate 

XPS   X-ray photoelectron spectroscopy 

 

  



vi 
 

List of publications 

1. Parameterization of the optical constants of polydopamine films for spectroscopic 

ellipsometry studies 

Runtian Qie, Saeed Zajforoushan Moghaddam, and Esben Thormann* 

Phys. Chem. Chem. Phys., 2021, 23, 5516–5526 

2. DA-assisted layer-by-layer deposition provides coatings with controlled microstructure 

and physicochemical properties 

Runtian Qie, Saeed Zajforoushan Moghaddam, and Esben Thormann* 

(Submitted to Langmuir) 

3. Making protein-based adhesives water resistant: role of protein water solubility, galloyl 

modification, and complexation 

Saeed Zajforoushan Moghaddam*, Runtian Qie, and Esben Thormann* 

ACS Appl. Polym. Mater. 2022, 4, 18−23 

4. A self-curable underwater glue based on poly(propylene oxide) and tannic acid coacervate 

Runtian Qie, Saeed Zajforoushan Moghaddam, and Esben Thormann*  

(Submitted to ChemComm) 

Not included manuscripts 

1. Water-resistant adhesive  

Saeed Zajforoushan Moghaddam, Esben Thormann, and Runtian Qie 

(Under patenting) 

2. A water-resistant bio-based adhesive 

Runtian Qie, Saeed Zajforoushan Moghaddam, and Esben Thormann* 

Unpublished manuscript (awaiting patent)  



vii 
 

Contents 

Abstract ........................................................................................................................................... i 

Résumé ........................................................................................................................................... ii 

Acknowledgement ........................................................................................................................ iii 

List of abbreviations .................................................................................................................... iv 

List of publications ....................................................................................................................... vi 

1. Introduction ............................................................................................................................... 1 

2. Background ............................................................................................................................... 4 

2.1 Mussel adhesion .................................................................................................................... 4 

2.2 Mussel adhesion mechanisms ............................................................................................... 6 

2.2.1 Composition of the plaque: mussel foot proteins (Mfps) ............................................... 6 

2.2.2 How do mussels produce and apply their adhesive? ...................................................... 8 

2.3 Engineered materials inspired by the mussel adhesive ....................................................... 19 

2.3.1 Polydopamine (PDA) coatings ..................................................................................... 21 

2.3.2 Mussel-inspired adhesives ............................................................................................ 33 

3. Methods .................................................................................................................................... 38 

3.1 PDA-based coatings ............................................................................................................ 38 

3.1.1 Substrate (silicon wafer) preparation ............................................................................ 38 

3.1.2 Preparation of PDA coatings ........................................................................................ 39 

3.1.3 Preparation of PDA/dextran and PDA/PEI coatings .................................................... 40 

3.1.4 Preparation of PDA-based hierarchical coatings .......................................................... 41 

3.2 Preparation of adhesives...................................................................................................... 41 

3.3 Characterisation ................................................................................................................... 42 

3.3.1 Ellipsometry.................................................................................................................. 42 

3.3.2 Atomic force microscopy (AFM) ................................................................................. 46 

3.3.3 Adhesive lap shear testing ............................................................................................ 48 



viii 
 

3.3.4 Underwater adhesion testing ........................................................................................ 49 

3.3.5 Other characterisation techniques (water contact angle, zeta potential, XPS, FT-IR) . 50 

4. Summary of results ................................................................................................................. 52 

5. Perspectives ............................................................................................................................. 69 

6. References ................................................................................................................................ 70 

Appendices ................................................................................................................................... 81 



1 
 

1. Introduction 

Nature has long been a source of inspiration for the development of novel materials. In recent 

decades, there has been ongoing interest in designing functional materials inspired by mussel 

adhesives owing to their robust adhesion in wet environments. In this PhD study, I developed (i) 

coatings and (ii) adhesives with novel functionalities by mimicking the mussel adhesive 

mechanism. My PhD study contains four projects and four associated papers (published and 

submitted manuscripts), which form the backbone of this dissertation and are attached as 

appendices. 

The thickness of polydopamine (PDA) as a thin film is generally estimated using ellipsometry, 

which is an optical characterisation technique. However, the complex optical behaviour of PDA 

makes this estimation approach difficult. Thus, in the first study, I focused on developing 

appropriate models to provide an accurate estimation of the optical properties and thickness of the 

PDA coatings using ellipsometry. Because the optical constants and microstructure vary with the 

reaction conditions, I prepared different samples by controlling the deposition time and then 

developed an optimised model for each case. The thickness estimated by ellipsometry was verified 

based on atomic force microscopy (AFM) measurements. 

In the second study, a new coating approach was designed by combining dopamine (DA) co-

deposition and layer-by-layer (LBL) assembly. Using this combined approach, I prepared PDA 

and PDA hybrid coatings and investigated the efficiency of the method in controlling the growth 

rate and surface morphology of the films. In addition, to demonstrate the potential of this method 

in developing functionality-controlled coatings, a hierarchical PDA-based coating was 

constructed, and its properties were systemically characterised.  
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Aside from the development of coatings, researchers have also derived inspiration from mussels 

to design adhesives for applications in wet environments. Bio-based adhesives as “green” 

substitutes for synthetic adhesives have attracted ongoing interest. However, the poor water 

resistance of bio-based adhesives, which is a major deficiency, has limited their application in wet 

conditions. To improve the water resistance, in my third study, bio-based adhesives were 

optimised at three levels: (i) the water solubility was reduced by choosing water-insoluble protein, 

(ii) polyphenol was added to mimic the catechol of mussel adhesive, and (iii) a protein-polyphenol 

complex coacervate was formed to mimic the coacervation of mussel adhesive. Combining these 

three parameters—catechol, coacervation, and protein water solubility—can yield protein-based 

adhesives with commercial-level water resistance. 

Underwater adhesives are considered useful for many future applications such as biomedical 

adhesives and underwater operations. Such adhesives should be inexpensive, and easy to produce 

on a large scale. More importantly, these adhesives should be curable to ensure durability. Thus, 

in the fourth study, I designed a novel underwater adhesive based on a simple coacervation 

approach with poly(propylene oxide) and tannic acid. This adhesive provides strong tackiness 

underwater; however, more importantly, it cures underwater and provides durable water-proof 

bonding. 

After briefly introducing the outline and outcome of my PhD research, I discuss the theoretical 

and experimental aspects in the following chapters. In Chapter 2, I provide an overview of mussel 

adhesion, which has inspired two systems: (i) PDA-based coatings and (ii) functional adhesives in 

wet environments. This chapter encompasses the underlying knowledge regarding mussel 

adhesive proteins, adhesion mechanisms, PDA-based coatings, and the design philosophy of 

adhesives (water-resistant adhesives and self-curable underwater adhesives). These topics are not 
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introduced in detail in the attached papers; thus, the second chapter can be used as a basis for 

understanding the findings and discussions presented in my papers. The Chapter 3 describes the 

experimental methods used in my PhD research. This chapter provides a basic introduction to each 

method and describes how the experiments were conducted and analysed. In Chapter 4, I discuss 

the research questions, aims, hypotheses, methodologies, main findings, and conclusions of my 

studies. Combining all of these parts can provide a better understanding of the acquired knowledge 

and connections between my studies. 
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2. Background 

2.1 Mussel adhesion  

Marine organisms have evolved a set of complex and effective wet adhesion mechanisms to adapt 

to their environments.[1,2] As a well-known example, mussels can firmly attach themselves to 

rocks or to each other underwater.[3,4] To do so, mussels use a collection of bio-polymeric fibres, 

also known as a byssus (Figure 2.1). These threads are produced by the mussel “foot” and comprise 

distinctive regions with specific functionalities: (i) the core (tensile tether), (ii) the cuticle 

(protective coating), and (iii) the plaque (adhesive/binder).[5] The adhesive plaque acts as a 

holdfast, firmly adhering to slimy, wet, and salt-crusted surfaces.[6–9] 

 

Figure 2.1 Structure of the mussel byssus thread. Reprinted with permission from [5]. 

Several studies have estimated the strength of mussel adhesives. For instance, Bell et al. measured 

the adhesion strength of mussel plaque on a rock surface (in seawater) using a handheld force 

gauge.[10,11] Accordingly, the tenacity of a solitary mussel containing 50 threads was found to 

be approximately 300 N and 180 N in the normal mode (lift) and parallel displacement mode 
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(drag), respectively (Figure 2.2).[4] In the normal mode, where all threads contribute to load 

bearing, the average adhesion strength of each thread was found to be ~6 N. Assuming a plaque 

diameter of 2 mm, the average adhesive strength of the plaque was then estimated to be ~6 MPa.[4] 

Aside from rocks, mussels can strongly adhere to various other substrates, such as metals and 

plastics, in both dry and wet conditions.[12–14] For instance, Burkett et al. estimated the wet 

adhesion strength (in normal-load mode) of an individual byssus to polyvinyl chloride (PVC), 

polymethyl methacrylate (PMMA), silicone, aluminium, and glass substrates to be ~100–300 

kPa.[13] This means that a single byssus can withstand loads ranging from ~1–3 kg cm-2 in wet 

conditions. 

 

Figure 2.2. Mussel under lift and drag loads. Reprinted with permission from [4]. 

These remarkable adhesive properties of mussels have led to extensive research dedicated to (i) 

understanding the mechanisms of mussel adhesion and (ii) using this knowledge to develop novel 

engineered materials with enhanced adhesion in wet environments. Thus, this chapter of my PhD 
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thesis is dedicated to reviewing mussel adhesion mechanisms and discussing engineered materials 

inspired by mussel adhesives. 

2.2 Mussel adhesion mechanisms 

2.2.1 Composition of the plaque: mussel foot proteins (Mfps) 

 

Figure 2.3. Mussel adhesive from a molecular perspective. (A) Schematic of Mfps distribution in the byssal plaque. 

(B) Schematic of Mfps interactions. (C) Pie charts illustrating the composition of Mfps in the plaque–substrate 

interface. Reprinted with permission from [4,15]. 

Extensive research has focused on investigating the molecular mechanisms of mussel 

adhesion.[14,15] It is believed that the byssus contains at least 20 different known protein 

components.[3] Among them, six major proteins, commonly known as the Mfps 1–6, are localised 

in the plaque (adhesive) region (Figure 2.3A). As a common characteristic, all Mfps contain 



7 
 

variable contents of L-3,4-dihydroxyphenylalanine (Dopa). The catechol moiety of Dopa is 

believed to play a key role in regulating the adhesion of the mussel adhesive to various substrates, 

as well as in the curing of the mussel adhesive, thus improving its cohesive properties.[15,16] 

Mfps, each with unique molecular characteristics such as size and amino acid composition, 

synergistically contribute to the interfacial adhesive and bulk cohesive properties of the mussel 

adhesive.[14,15] Mfp-1, containing 10–15 mol% Dopa, is mainly found in the cuticle region of 

the byssus. It can form complexes with Fe3+ ions and mainly serves as a protective varnish layer 

(Figure 2.3A).[15,17,18] Mfp-2 contains a high level of cysteine (6 mol%), which can form 

disulphide bonds between the proteins and improve the cohesive properties of the network.[15,18] 

Mfp-4, which is rich in histidine, is located between the distal portions of the byssal threads and 

plaques.[4,15] It is believed that Mfp-4 can effectively link plaque proteins with PreCOL proteins 

in byssal threads (Figure 2.3A).[15] Mfp-3, 5, and 6 are predominantly located at the interface 

between the adhesive plaque and the substrate (Figure 2.3A, B), contributing to strong and durable 

wet adhesion. Mfp-3 is a Dopa-rich protein (Figure 2.3C) that is suggested to serve as an adhesive 

primer. The adhesion of Mfp-3 (to inorganic surfaces such as silica and metal oxides) is closely 

correlated with pH, becoming weaker at higher pH owing to catechol oxidation (this will be further 

discussed in Section 2.2.2.1).[19] As the smallest protein among the plaque proteins, it is the most 

polymorphic and contains approximately 30 different variants. These variants can be subdivided 

into two main groups: Mfp-3 fast (Mfp-3f) and Mfp-3 slow (Mfp-3s).[14,20] Both Mfp-3f and 

Mfp-3s contain high contents of asparagine (~10–18 mol%) and glycine (~25–29 mol%), which 

can provide the amine group for the amine-catechol synergistic effect (discussed further in Section 

2.2.2.2).[15,21] In addition, Mfp-3f is rich in Dopa (~20 mol%) and positively charged residues 

(~26 mol%) (Figure 2.3C).[15] In contrast, Mfp-3s has a lower ratio of Dopa (5–10 mol%) and 
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charge density (3 mol% and 9 mol% of negatively and positively charged residues, 

respectively).[15] Additionally, Mfp-3s is the first known adhesive protein to exhibit self-

coacervation (discussed further in Section 2.2.2.3).[14] Compared to other Mfps, Mfp-5 is the least 

polymorphic and has the largest content of Dopa (30 mol%) (Figure 2.3C).[15,20] Meanwhile, it 

also contains high amounts of lysine (17 mol%) and glycine (15 mol%). The combination of 

catechol chemistry with the cationic nature of the protein has been suggested that is crucial in both 

interfacial adhesion and plaque cohesion (discussed further in Section 2.2.2.2). Similar to Mfp-3, 

it has also been shown that Mfp-5 exhibits stronger adhesion in acidic pH conditions.[22] Mfp-6 

is a tyrosine-rich (20 mol%) protein that exhibits a lower ratio of Dopa (3 mol%) than the other 

Mfps (Figure 2.3C).[15,21] Moreover, Mfp-6 contains a large amount of cysteine residues (11 

mol%), resulting in a high level of thiols, which can effectively prevent the oxidation of catechol 

groups to maintain byssal adhesion (discussed further in Section 2.2.2).[21,23] 

In summary, Mfps together contribute to the ability of mussels to firmly adhere to various 

substrates in wet environments. Some have a protective functionality, preserving the other Mfps 

from exposure to the seawater environment (such as Mfp-1). Some can improve the cohesive 

properties of the plaque by forming strong protein–protein interactions (such as Mpf-2 and Mfp-

4). Some, by forming strong molecular interactions with the substrate, ensure firm interfacial 

adhesion (such as Mfp-3 and Mfp-5), while others mediate the redox chemistry of Dopa to regulate 

adhesion and cohesion (such as Mfp-6).  

2.2.2 How do mussels produce and apply their adhesive? 

In addition to knowing the protein composition of the mussel adhesive, it is important to 

understand how mussels secrete these proteins and apply them to surfaces as an adhesive material. 

Herein, I briefly discuss this process.[3] 



9 
 

 

Figure 2.4. Plaque adhesive protein deposition by a mussel foot. (A) Mussel distal depression on a substrate. (B) 

Cavitation between the foot and substrate. (C) Secretion of acid for pH adjustment. (D) Redox adjustment. (E) 

Secretion of Mfps. (F) Redox activity in the plaque (G) Coacervation of proteins. (H) Phase inversion of coacervate 

and water. (I) Completion of the plaque and formation of the cuticle layer. (J) Solidification of the liquid. Reprinted 

with permission from [3]. 

Mfps are secreted sequentially in a regulated environment. First, the foot distal portion presses the 

substrate. A negative pressure is created by raising the foot centre, and thus a cavity is formed 

under the foot (Figure 2.4A, B).[3] It has been suggested that the created negative pressure can 

draw proteins from the foot gland into the cavity region.[3] Before secreting adhesive proteins, 

mussels regulate the pH and ionic strength within this cavity (pH 2–4, IS ~0.15 M), producing a 

solution condition different from that of seawater (pH ~8, IS ~0.7 M) (Figure 2.4C).[3,24] The 

exact reason for creating an acidic environment is still not fully understood, but some suggestions 
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are that it can (i) etch and clean the surface, (ii) kill the microbes on the surface, (iii) control the 

redox environment, and (iv) regulate the protein fluidity, phase inversion, and precipitation.[3] 

Next, the surface-targeted proteins, Mfp-3, 5, and 6, are secreted into the cavity. Dopa-rich Mfp-3 

and Mfp-5 can be adsorbed onto the substrate through diverse interactions between their catechol 

groups and the substrate (as discussed in Section 2.2.2.1).[3] In addition to adhering to the 

substrate, Dopa can also be oxidised to Dopa-quinone in the cavity by introduced O2 or Fe3+, which 

can enhance the cohesion of the adhesive (Figure 2.4F).[3,25] To avoid over-oxidation, Mfp-6 can 

reduce either O2 or Dopa-quinones, which is essential for regulating the adhesion and cohesion 

(Figure 2.4D, F).[3,26] In addition to adsorbing on the surface, these proteins can also undergo 

condensation in the form of a liquid–liquid phase separation, also known as coacervation (Figure 

2.4G).[3] Next, the formed coacervate undergoes phase inversion with water and is solidified by 

protein cross-linking (Figure 2.4H).[3] Subsequently, the assembly of the plaque is completed, and 

a protective cuticle is formed over the plaque (Figure 2.4I).[3] Finally, the mussel foot is retracted, 

resulting in solidification of the plaque through cross-linking triggered by seawater (Figure 

2.4J).[3] 

Clearly, the process is quite complex both in terms of the chemistry of the proteins involved and 

the number of steps through which the proteins are secreted and mixed to form the adhesive plaque. 

Given this overall picture, I next discuss the main factors that are currently believed to play key 

roles in the wet adhesion of mussels. 

2.2.2.1 Catechol groups 

Catechol is capable of forming various non-covalent (hydrogen bonding,[27] hydrophobic,[28] 

cation-π,[8] and π-π interactions [29]) and covalent (metal coordination,[30] boronate-catechol 

complexation,[31] Michael addition, Schiff base reaction, and other coupling reactions [32]) 
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interactions, depending on the nature of the surface to which it will be attached (Figure 2.5). On 

inorganic surfaces, e.g. mica and metal oxides, catechol can form hydrogen and coordination 

bonds. On the other hand, the benzene ring allows the formation of π–π interactions with organic 

surfaces such as polystyrene.[33] Moreover, catechol in the oxidised form, i.e. quinone, can bind 

to nucleophilic molecules (amine- or thiol-containing molecules) via the Schiff base and Michael 

addition reactions.[34,35] The versatile chemistry of the catechol residue is suggested to contribute 

strongly to the adhesion (protein–substrate) properties of Mfp-3 and Mfp-5 as well as the cohesion 

(protein–protein) properties through cross-linking (covalent and coordination) of Dopa-quinones 

and Dopa-metal residues.[34] 

 

Figure 2.5 Schematic showing the typical interactions involved in mussel-inspired chemistry. Reprinted with 

permission from [34]. 
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For the same reason, the pH is believed to have a notable effect on the adhesion properties of Mfps. 

Using a surface forces apparatus (SFA), Yu et al. measured the adhesion of Mfp-3 to mica at three 

different pHs (3, 5.5, and 7) (Figure 2.6).[3,19] They showed that Mfp-3 exhibited the strongest 

adhesion force of ∼12 mN m-1 (equivalent to an adhesion energy of ∼2 mJ m-2, E = F/2πR) at pH 

3.[19] The adhesion force at pH 5.5 was found to be ∼4.5 mN m-1, less than 40% of that at pH 3. 

Additionally, at pH 7.5, the adhesion force decreased to 0.7 mN m-1, or only ∼5% of that measured 

at pH 3.[19] It was suggested that the observed pH dependency could be attributed to Dopa 

oxidation. Oxidised Dopa cannot form hydrogen or coordination bonds with mica, resulting in 

weaker adhesion than occurs with Dopa.[19] 

 

Figure 2.6 Adhesion of Mfp-3 to mica using SFA (asymmetric model) at different pHs. “In” and “out” denote the 

approach and separation of two surfaces, respectively. Reprinted with permission from [3]. 

2.2.2.2 Lysine-Dopa synergistic effects on adhesion and cohesion 

Studies on mussel adhesion have primarily focused on the role of the catechol moiety and its 

versatile chemistry. However, more recent studies suggest that such complex adhesion behaviour 
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cannot be explained solely by the presence of Dopa; instead, it is a result of the synergetic interplay 

between different proteins and different amino acids. In particular, several recent studies suggest 

that lysine-Dopa (amine-catechol) interactions synergistically contribute to both the interfacial 

adhesion and cohesion of the mussel adhesive.[7,8,36–39] This means that not just Dopa, but also 

the amount and position of lysine, control the mussel adhesive performance. 

 

Figure 2.7. Synergy of amine and catechol groups in wet adhesion. (A) Structure of the Tren scaffold. (B–G) R groups 

grafted to Tren. (H) Average adhesion energy required with SFA to separate two mica surfaces with 20 μM adsorbed 

Tren, or 200 μM Tren where indicated, in pH 3.3 buffer. (I) DT of the Tren monolayer between two mica surfaces. 

The thickness of the film corresponds to the adhesion energy shown in (H). A film thickness of less than 12 Å suggests 

that B, C, D, and E (200 μM) displace hydrated salt and adsorb on the mica surface. Reprinted with permission from 

[37]. 
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To investigate this concept, Maier et al. synthesised three groups of molecules: catechol with 

amine, only amine, and only catechol (Figure 2.7A–G).[37] Next, using SFA, they examined the 

adhesion of these molecules to mica at pH ~3. It was found that the molecules containing both 

catechol and amine (TLC and TDC) exhibited considerably stronger adhesion than molecules with 

only catechol or only amine (Figure 2.7H). They suggested that the stronger adhesion of the TLC 

and TDC molecules could be attributed to the synergistic interaction of amine and catechol, in 

which the amines displace hydrated salt ions, allowing catechols to bind to the mineral surface.[37] 

Tiu et al. synthesised pressure-sensitive adhesives (PSAs) with different structures (catechol 

adjacent to amine or not) and chemical compositions (both amine and catechol present or not) 

(Figure 2.8A) to study the amine-catechol synergistic effect.[40] They examined the adhesion of 

PSAs (using single-molecule force microscopy (SMFS), colloidal probe atomic force spectroscopy 

(CPS), and static shear adhesion testing) (Figure 2.8B–D). It was found that PSAs containing 

amine and catechol exhibited much higher rupture forces, separation work, and failure times than 

the others, indicating that the presence of both amine and catechol could significantly enhance the 

adhesion of PSAs. Moreover, they observed that adhesion not only depended on the presence of 

amine-catechol, but also on their locations.[40] In addition to the key role of the amine-catechol 

synergistic effect in the regulation of adhesion, Gebbie et al. suggested that the cation-π interaction 

between lysine and Dopa could also enhance the cohesion of Mfps.[8] 
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Figure 2.8 (A) Structure of PSAs (PSA and PSA homolog). (B) (C) Schematics of SMFS and CPS characterisation of 

PSAs. (D) Shear failure test of PSAs in ambient (D) and wet (W) conditions. Reprinted with permission from [40]. 
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2.2.2.3 Coacervation 

 

Figure 2.9 Schematic representation of coacervation. (A) self-coacervation of Mfp-3s with increasing pH. (B) 

Complex coacervation with oppositely charged polyelectrolytes through electrostatic interactions. (C) Complex 

coacervation with like-charged polyelectrolytes through cation-π interactions. Reprinted with permission from 

[15,41]. 

Coacervation is a liquid–liquid phase separation that can occur in aqueous solutions of 

macromolecules.[15,42] Coacervation can originate from various intermolecular interactions, such 

as hydrogen bonding, electrostatic attraction, cation-π, π-π, and hydrophobic interactions.[14] The 

coacervation process can be further divided into complex coacervation and self-coacervation 

(Figure 2.9).[15] The former refers to coacervation in which at least two molecules are involved, 
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whereas the latter refers to single-component systems. Complex coacervation is primarily 

observed with oppositely charged polyelectrolytes, where a polycation and a polyanion are 

attracted to one another through electrostatic interactions (Figure 2.9B). However, it can also occur 

for like-charged molecules; for example, Kim et al. suggested that the cation in poly(2-

(trimethylamino)ethyl methacrylate) (MADQUAT) can form a cation-π interaction with the 

benzene ring of recombinant Mfp-1 (RMfp-1), driving these two components to produce 

coacervation (Figure 2.9C).[43] 

In contrast to complex coacervation, self-coacervation occurs with a single macromolecule, e.g. 

zein, gelatin, or carboxymethyl chitosan, where the driving force is the charge balance resulting 

from the variation in the reaction conditions.[44,45] In the case of mussels, Mfp-3s can also 

undergo self-coacervation (Figure 2.9A).[16,41,46] Wei et al. reported that the coacervation 

process of Mfp-3s was affected by multiple parameters, including the concentration of Mfp-3s, 

type and pH of the solvent, ionic strength, and temperature. For instance, a higher ionic strength 

could screen the electric double-layer repulsion of Mfp-3 to trigger coacervation through non-

electrostatic interactions such as coulombic interactions.[41] In addition, they measured the 

interfacial energy of the Mfp-3s coacervate using SFA, which was found to vary between 0.5 to 

3.7 mJ m-2.[41] With such low interfacial energies, the coacervate can adhere easily to a wet 

surface and readily spread over it. Subsequently, they examined the adsorption of Mfp-3s 

coacervate on hydroxyapatite surfaces using quartz crystal microbalance dissipation (QCM-D) 

(Figure 2.10A, B). QCM-D showed that the formed coacervate exhibited greater adsorption than 

the Mfp-3s solution (Figure 2.10A, in which the mass change is proportional to the frequency 

change ΔF), indicating that the formation of a coacervate can improve adhesion. Meanwhile, the 

coacervate exhibited a higher dissipative change, ΔD, which means that it was more fluid than the 
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Mfp-3 solution (Figure 2.10B). They suggested that the fluidic coacervate would be a suitable 

means of dissipating energy associated with the deformation of the byssus plaque as a result of 

drag and lift. Using a recombinant protein (drfp-3), Yang et al. found that coacervation could 

significantly enhance adhesion. In that study, they used SFA to measure the underwater adhesion 

force of a drfp-3 film and drfp-3 coacervate on mica (Figure 2.10C, D) and found that the 

coacervate provided superior adhesion (~46.5 mJ m−2) to that of the film (~7.4 mJ m-2). 

 

Figure 2.10. (A), (B) QCM-D measurements of Mfp-3s solution, Mfp-3s coacervate, and lysozyme deposition on a 

hydroxyapatite surface. (C), (D) Underwater adhesion test of drfp-3F film and its coacervate using SFA under 

asymmetric conditions. Reprinted with permission from [41,46]. 
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Overall, the coacervate is an adhesive phase that exhibits excellent properties for underwater 

adhesion: (i) polymer-rich, (ii) insoluble, (iii) low interfacial energy, and (iv) shear-thinning 

viscosity.[3] Inspired by this, various favourable adhesives that function in wet environments can 

be produced by the coacervation of diverse chemical components. 

2.3 Engineered materials inspired by the mussel adhesive 

In the previous sections, I briefly discussed the essential understanding of mussel adhesion. 

Inspired by this natural system, extensive research has been dedicated to developing novel 

engineered materials, particularly coatings [47–50] and adhesives (Figure 2.11).[14,51,52] 

Mussel-inspired coatings made of dopamine and other catecholamines have attracted considerable 

interest in various fields.[47] Controlled oxidation of these compounds can result in self-

polymerisation reactions that form particles in the bulk solution and coatings on the surface of an 

immersed substrate.[47] The benefits of these mussel-inspired coatings are their versatility and 

simplicity (discussed further in Section 2.3.1). 

Numerous studies have also focused on the development of new adhesive systems with enhanced 

performance in wet environments.[14,15] By learning from mussels and mimicking certain aspects 

of mussel adhesion, such as catechol and coacervation, these studies have aimed to develop 

adhesives for use in wet environments (Section 2.3.2). 
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Figure 2.11 Schematic of studies on mussel-inspired (A) coatings and (B) adhesives. Reprinted with permission from 

[53,54]. 
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2.3.1 Polydopamine (PDA) coatings 

Catecholamines (e.g. norepinephrine, Dopa, and dopamine) are molecules that contain both 

catechol and amine groups. These molecules, through the controlled oxidation of their catechol 

moiety, can undergo a complex self-polymerisation reaction, which can form coatings with 

tuneable properties on various substrates.[47] The first half of my PhD research was devoted to 

investigations of PDA coatings; thus, I will discuss them first here. 

 

Figure 2.12 Different strategies for the preparation of PDA coatings. Reprinted with permission from [55]. 

2.3.1.1 Self-polymerisation of dopamine (DA) 

In 2007, Lee et al. described a simple method for preparing mussel-inspired coatings through the 

spontaneous polymerisation of DA.[56] The inspiration behind this pioneering study was the 

adhesive property of Dopa and its synergistic effects with lysine in Mfp-5. DA, as a catecholamine, 

can self-polymerise with the assistance of additional reagents or under special reaction conditions 

to form PDA films on the surfaces of various materials (Figure 2.12).[55] Among these systems, 

oxygen-induced self-polymerisation of DA in Tris buffer (pH = 8.5) is the most common 
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procedure. DA polymerisation is a complex reaction involving many intermediate species. The 

exact reaction process and structures vary from system to system, but the common belief is that 

DA is first oxidised to dopaminequinone by dissolved oxygen in Tris buffer (Figure 2.13A).[47] 

Then, dopaminequinone undergoes intramolecular cyclisation and is transformed into 

leukodopaminechrome, which is further oxidised to dopaminechrome and converted into 5,6-

dihydroxyindole through a rearrangement reaction. Subsequently, these intermediate components 

and unreacted DA molecules can undergo oligomerisation to form oligomers.[47] These oligomers 

then self-assemble into supramolecular aggregates via non-covalent interactions, including π–π 

stacking, hydrogen bonding, cation–π interactions, and electrostatic interactions.[47] The formed 

aggregates are further stabilised through covalent bonding formed via the Michael addition and 

Schiff base reactions.[47] 

Similar to polymerisation in solution, PDA film deposition begins with the adsorption of 

monomeric species and small oligomers on the target surface (Figure 2.13B).[57] The adsorbed 

radicals then initiate the polymerisation process to form oligomers, nanoaggregates, and 

supramolecular structures. All of these components self-assemble to form a continuous PDA film 

on the substrate. In addition, monomers, nanoaggregates, and small particles can also be 

incorporated into the deposited PDA films by covalent bonds and non-covalent interactions.[57] 

During the PDA deposition process, both catechol and quinone groups (the oxidised form of 

catechol) are required for film growth. For interface attachment, catechol and quinone groups have 

different interactions based on the properties of the substrate. For inorganic substrates such as 

mica, silica, and metal oxides, catechol can form hydrogen and coordination bonds with the surface 

to facilitate adhesion to the substrate.[47,58] In contrast, on organic surfaces containing amine or 

thiol groups, quinone contributes to adhesion by forming covalent bonds.[47] 
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Figure 2.13 Schematic representation of PDA formation mechanisms: (A) in solution and (B) on the substrate. 

Reprinted with permission from [47,59]. 

Overall, the polymerisation of DA involves several reactions and intermediates. The composition, 

chemistry, and reactions vary with the reaction conditions and the environment, which means that 

the coating properties also depend on these factors. 
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2.3.1.2 Co-deposition of DA with other molecules  

 

Figure 2.14 Schematic of the co-deposition of DA with various chemicals. Reprinted with permission from [60]. 

DA-assisted co-deposition is an effective surface modification method that was first proposed by 

Lee et al. in 2012.[60,61] In this method, a substrate is immersed in a mixed solution of DA and 

other chemical components, allowing PDA to trap other compounds within the deposited film 

(Figure 2.14). Based on the interactions between DA and these components, covalent and non-

covalent co-deposition methods can occur. Molecules containing reactive functional groups such 

as aldehydes, amines, and thiols can form covalent bonds with DA and other intermediate 

structures. In the absence of covalent reactions, molecules can also be co-deposited through non-

covalent bonds such as hydrogen bonding and electrostatic interactions.[61] By changing the types 
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of co-deposited components and their ratios to DA, the resulting coating properties, such as the 

hydrophilicity, roughness, and zeta potential, can be easily adjusted, as these are largely 

determined by the interactions and reactions between DA and the components, as well as the 

features of the components (Table 2.1). 

Table 2.1 Summary of the dopamine-assisted co-deposition method for surface functionalisation. Reprinted with 

permission from [61]. 

 

2.3.1.2.1. Non-covalent co-deposition 

During the polymerisation of DA, a series of oligomers and supramolecular structures are formed, 

which contain aromatic rings, catechols, and amine functional groups. These compounds can 

interact with the mixed components via non-covalent interactions, including hydrophobic 

forces,[62] hydrogen bonding,[63–65] and electrostatic attraction (Table 2.1).[66,67] For example, 

Liu et al. co-deposited DA with dextran, a water-soluble and anti-fouling polysaccharide.[64] 

Dextran contains a large number of hydroxyl groups that can form hydrogen bonds with PDA 
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(including dopamine-quinone and other intermediates). With this method, PDA/dextran coatings 

were produced on various substrates, such as glass, silicon, polystyrene (PS), and 

poly(dimethylsiloxane) (PDMS). The inclusion of dextran inhibits the non-covalent self-assembly 

of PDA-PDA, thereby affecting the film thickness and roughness. In addition, the properties of the 

film were also tuned by the inclusion of dextran. For instance, the film became more hydrophilic 

(Figure 2.15A) and obtained anti-fouling performance (Figure 2.15B, in which a smaller frequency 

change, ΔF, corresponds to a smaller amount of protein adsorbed on the film).[64] Overall, co-

deposited components can form non-covalent bonds with PDA, thus affecting the layer properties 

and providing new functionalities to the hybrid films. As part of my second study (paper Ⅱ), I 

investigated the PDA/dextran film as a model non-covalent co-deposition system. 

 

Figure 2.15 (A) Water contact angles of bare, PDA-coated, and PDA/dextran-coated substrates. (B) QCM-D 

measurements (frequency change vs. time) obtained for protein adsorption on bare, PDA-coated, and PDA/dextran-

coated Au sensors. Reprinted with permission from [64]. 

2.3.1.2.2 Covalent co-deposition 

DA can react with molecules that contain aldehyde, amine, or thiol groups through Schiff base or 

Michael addition reactions to form covalent bonds. The advantage of covalent co-deposition is that 
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it can provide a robust network to enhance the stability of films.[61] For instance, Lv et al. co-

deposited DA with polyethyleneimine (PEI), an amine-rich polymer. PEI formed covalent bonds 

with PDA via Michael addition and Schiff base reactions, which improved the stability of the 

hybrid film in HCl, NaOH, and NaClO solutions.[68] Nevertheless, the inclusion of PEI inhibited 

the non-covalent assembly of PDA, resulting in decreased thickness and roughness. In addition, 

coating properties, such as the hydrophilicity, were also affected. The results showed that many 

factors, such as the Mw and concentration, could affect the coating properties (Figure 2.16). In 

some cases, no coating occurred, which indicates that a balance is needed when preparing the 

PDA/PEI coating. As part of my second study (paper Ⅱ), I also investigated the PDA/PEI film as 

a model covalent co-deposition system. 

 

Figure 2.16 Ellipsometry thickness of PDA/PEI films obtained with different (A) PEI molecular weights (PEI 

concentration is 2 mg mL-1) and (B) PEI concentrations (PEI molecular weight is 600 Da). DA concentration is 2 mg 

mL-1. Reprinted with permission from [68]. 

In addition to polymers, ions and nanoparticles can also be co-deposited with DA. The catechol of 

PDA can form coordination bonds with metal ions.[47,61] For instance, Andersen showed that 

catechol and Fe3+ can form mono-catechol-Fe3+ complexes at pH <5.6. As the pH increased, bis-
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catechol-Fe3+ formed at pHs below 9.1. Further increasing the pH resulted in transformation of the 

catechol complex with Fe3+ to tris-catechol-Fe3+ (Figure 2.17).[69] Bernsmann et al. co-deposited 

DA with Cu2+ and successfully obtained a PDA/Cu2+ hybrid film. Compared with pure PDA films, 

it exhibited different optical properties. They suggested that the difference was due to Cu2+ 

changing the local environment of the adjacent 5,6-dihydroxyindole units. They also observed that 

coating growth properties such as the roughness and thickness were affected (Figure 2.18B). 

Overall, the ion species and pH of the solution are crucial factors in coordination and can be used 

to control the properties of the formed films.  

 

Figure 2.17 Coordination between catechol and Fe3+ ions at different pHs. Reprinted with permission from [69]. 

2.3.1.3 Properties of PDA films 

The properties of PDA films, such as the thickness, roughness, refractive index, and chemical 

composition, can vary depending on numerous factors, including the deposition time,[56,70] 

concentration of DA,[71,72] reaction temperature,[59,73] substrate chemistry,[74] type of 

oxidant,[75] and buffer.[76] In my studies on PDA coatings, I mainly investigated the thickness, 

roughness, and optical properties of such coatings and their correlation with the coating deposition 

method. 
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2.3.1.3.1 Thickness and roughness 

As discussed in Section 2.3.1.1, DA polymerisation occurs simultaneously in the solution and on 

the target surface. With time, the components on the surface can grow into larger parts owing to 

polymerisation. Meanwhile, the enlarged-size components from the solution can be incorporated 

into the PDA film. Both of these factors can lead to film growth with increasing deposition time. 

Generally, the thickness of the PDA coating increases with the deposition time until it reaches a 

plateau (traditional one-step deposition method, Figure 2.18A–C).[72,77] Trzcinska et al. 

suggested that this plateau can be explained by the consumption of DA and oxygen, which can 

induce the eventual termination of the deposition.[78] Bernsmann et al. suggested that DA 

consumption was the key factor based on several experiments. For a fixed DA concentration, 

regardless of whether more oxygen was provided, the thickness of the coatings reached constant 

and similar values (Figure 2.18B).[77] An interesting study was reported by Bernsmann et al., in 

which layer-by-layer deposition through changing the fresh DA solution in the deposition process 

could successfully overcome the limitation of the PDA thickness plateau and provide continuous 

film growth (Figure 2.18A).[77,79] These results suggest that the observed plateau at long 

deposition times can be attributed to DA consumption, as well as excessive aggregation, which 

means only small aggregates and no further coating can be deposited onto the existing coating. In 

contrast to the traditional method, supplying fresh DA throughout the deposition process can 

provide continued growth of the PDA film. 
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Figure 2.18 PDA film deposition versus time. (A) Traditional one-step deposition and layer-by-layer deposition. (B) 

Continuous air supply and co-deposition with CuSO4. (C) Variation in the thickness with concentration. (D) Thickness 

and roughness in concentrations of 2 and 5 mg mL-1. Reprinted with permission from [72,77]. 

Surface roughness is another important factor that can affect PDA film performance.[80–82] PDA 

coatings generally possess rough and heterogeneous surfaces owing to the structures formed 

during the deposition process. It has been shown that the roughness increases considerably with 

the deposition time and DA concentration (Figure 2.18D).[70,72] As time passes, the sizes of both 

the components on the surface and aggregates in the solution increase. These aggregates can then 
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attach to the surface, resulting in a rough surface. In addition, a high DA concentration can also 

exert a stronger attraction between the nanoaggregates in solution and those on the PDA film, 

which allows more nanoaggregates to deposit on the PDA film and results in an increase in the 

surface roughness.[72] Such excessive uncontrolled roughness is normally unfavourable when 

fabricating thin films. For instance, Chen et al. claimed that the surface roughness of PDA-coated 

scaffolds could negatively affect cell adhesion and proliferation.[82] To optimise the performance 

of PDA films, several studies have focused on controlling the surface roughness of PDA to tune 

the roughness of PDA films.[72,80] For instance, Kim et al. prepared highly homogeneous PDA 

films through polymerisation at high oxygen concentrations.[80] They postulated that excess 

oxygen leads to a much higher amount of the final oxidation products, 5,6-dihydroxyindole and 

5,6-indolequinone. These two molecules can fully conjugate to form homogenous PDA films 

through regular stacking, instead of random stacking, during air oxidation. Although this method 

can decrease the roughness of PDA films to some extent, the reaction rate is relatively high and 

difficult to control. Ball et al. suggested that low DA concentrations may help decrease the 

roughness of PDA films.[72] However, even when PDA films were prepared with a low 

concentration (1 mg mL-1) and short deposition time (1 h), the surface roughness was still relatively 

high (Rq > 10 nm). 

These considerations inspired my second study (paper Ⅱ), in which I focused on supplying fresh 

DA and observing the effects on the morphology of the PDA film. The hypothesis was that the 

replacement of an “aged” solution with “fresh” DA can produce continuously growing PDA films 

with low roughness. 
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2.3.1.3.3 Optical properties of PDA coatings 

The thickness of a PDA coating is generally estimated using spectroscopic ellipsometry. This 

method measures the variation in the polarisation state of light reflected from a film on the 

substrate.[83] Therefore, an accurate optical model must be constructed, which includes the optical 

dispersions of the materials and their thicknesses. Generally, similar to any modelling approach, it 

is desirable to reduce the number of unknown parameters in the model; thus, it is preferable to use 

known optical constants as inputs to the model. Therefore, ellipsometry studies of PDA coatings 

can be challenging. As discussed earlier, PDA coatings consist of a complex mixture of aromatic 

compounds and possess a highly heterogeneous chemical composition. As a result, PDA exhibits 

a complex optical behaviour ranging from ultraviolet to near-infrared regions.[77,79,84] In 

addition, the optical properties of PDA films are not constant because of the diverse chemical 

compositions and structures obtained under different reaction conditions. For instance, Kawamura 

et al. reported the index of refraction (n) of PDA particles to be approximately 1.7–1.8 in the region 

of 400–800 nm.[85] Repenko et al. reported a relatively constant n of ~1.55 in the wavelength 

range of 400–800 nm, which increased to ~1.8 in the ultraviolet range.[86] However, most 

ellipsometry studies on PDA have ignored the light absorption and variability of the optical 

constants (n and k). For instance, several studies have used the Cauchy equation to model the 

optical properties of PDA and estimate the coating thickness. However, this model is only valid 

for transparent materials with no or negligible light absorption. Considering that PDA is a strong 

light-absorbing material, the Cauchy equation is expected to provide inaccurate estimates of the 

film thickness.[48,68,87,88] Some studies have used more complex models, but an overall 

investigation on the modelling of different PDA films is lacking.[64,89,90] Therefore, my first 

study (paper Ⅰ) focused on a detailed modelling approach for various PDA coatings; the coatings 
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were obtained with different deposition times and chemistries and modelled with different 

modelling approaches. The aim was to compare the outputs of different models and determine 

which one was correct. There are two studies in my research where such considerations are 

important: (i) pure PDA (paper Ⅰ) and (ii) PDA hybrid films (paper Ⅱ). In both cases, the models 

were carefully developed from simple to complex, and the estimated thickness was double-

checked using AFM. 

2.3.2 Mussel-inspired adhesives 

Mussels have also been a source of inspiration for the design of novel adhesives with improved 

performance in wet environments.[33] One direction is to develop adhesives mainly from bio-

based materials that exhibit enhanced water resistance. Water resistance is the ability to maintain 

the functionality and strength of adhesives when they are exposed to weathering conditions such 

as humidity and rain. Despite their favourable environmental effects, bio-based adhesives normally 

exhibit poor water resistance, which can negatively affect their use in outdoor applications. Thus, 

one of the new trends in bio-based adhesives is to make them water resistant by learning from 

mussels. The other direction is to design underwater adhesives that can bond materials directly 

under wet conditions. Most man-made adhesives cannot be applied underwater; thus, developing 

underwater adhesives similar to those used by mussels is a new application direction for the future. 
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Figure 2.19 Diverse approaches to developing mussel-inspired adhesives. (A–D) Incorporation of catechol or 

catechol-mimetic functional groups. (E) Formation of a coacervate. Reprinted with permission from [91–95]. 

As previously discussed, catechol is an important factor for mussel wet adhesion. Thus, many 

studies focused on developing adhesives with enhanced wet adhesion have incorporated catechol 

or catechol-mimetic functional groups into adhesives to mimic mussel adhesive.[91,92,94,96–103] 

Various approaches have been used. (i) Catechol-containing polymers have been 

synthesised,[91,97] such as the poly[(3,4-dihydroxystyrene)-co-styrene] adhesive developed by 

Meredith et al., which showed a lap shear strength of up to 11 MPa on an aluminium substrate 

(Figure 2.19A).[91] (ii) Catechol groups have been grafted onto a polymeric backbone (synthetic 

or natural in origin).[92,98–103] For instance, Mu et al. conjugated 3,4-dihydroxybenzaldehyde 

(DBA) onto a polyvinyl alcohol (PVA) backbone, which exhibited strong adhesion to stainless 
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steel (>17 MPa) (Figure 2.19B).[92] (iii) Tyrosine on proteins has been converted to Dopa.[93,96] 

For instance, Brennan et al. developed an adhesive precursor comprising a tyrosine-rich elastin-

like polypeptide, which could be converted to an adhesive by modifying the tyrosinase enzyme. 

The formed adhesive exhibited cytocompatibility, strong dry adhesion (>2 MPa), and moderate 

wet adhesion (~240 kPa) on glass (Figure 2.19C).[93] (iv) Polymers have been mixed with 

catechol or catechol-mimetic functional groups. For instance, Schmidt et al. mixed zein with a 

series of phenolics and obtained a group of water-resistant adhesives (Figure 2.19D).[94] Overall, 

the catechol and catechol-mimetic groups involved in these systems mimic the role of catechol in 

Mfps, which improves the performance of adhesives in wet environments. 

Table 2.2 Main components, test conditions, and adhesion performance of adhesives based on coacervates. 

Components Substrates Adhesion strength Test condition Ref. 

PVA + TA Glass, metal, plastics 50-70 kPa Tack test (Wet) [104] 

PAE + TA Glass, metal, plastics, 

wood 

80-450 kPa Lap shear (Wet) [105] 

PVP + TA Glass, metal, plastics 150-3700 kPa Lap shear (Dry) [106] 

PEOX + TA Glass, metal, plastics 420-1100 kPa Lap shear (Dry) [107] 

PolyAspAm(EA/EDA) + TA Glass, metal, plastics 50-1150kPa Lap shear (Dry) [108] 

PHEAA + TA Ceramic, glass, metal 150-750kPa Lap shear (Dry) [109] 

(P(HEA-co-AA) + TA Wood, metal 750-4100 kPa Lap shear (Dry and wet) [110] 

soy protein + TA + metal ion/particle Wood 400-2000 kPa Lap shear (Dry and wet) [52] 

Gelatin + TA Bovine leather ≈36.3 kPa Tensile test (Dry) [111] 

SF + TA Glass 6-12.6 kPa Lap shear (Dry) [112] 

PEG77-PPG29-PEG77 + TA Glass, wood, plastic 160 kPa Tack test (Wet) [95] 
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In addition to mimicking the role of catechol, novel adhesives have been developed through 

coacervation of polymers and molecules bearing catechol-mimetic groups (Figure 

2.19E).[95,104,109,110] These coacervate adhesives are typically easy to prepare and often no 

synthesis process is involved. In many of these studies, tannic acid (TA) was used as a molecule 

with similar chemistry to catechol to form complexes with various polymers (Table 2.2).  

TA is a naturally derived plant polyphenol rich in catechol and pyrogallol groups, which can mimic 

the role of catechol in Dopa to interact with macromolecules and substrates via various 

interactions.[113] Compared with catechol, pyrogallol has one more hydroxyl group and exhibits 

improved antioxidant properties.[114] Pyrogallol has been shown to exhibit better adhesive 

properties than catechol in synthesised polymers.[115] In addition, TA exhibits high solubility and 

can be easily dissolved up to concentrations of 50 wt% in water. TA is also a safe material 

approved by the US Food and Drug Administration.[116] Based on these features, many studies 

have focused on TA-based coacervate adhesives. For the preparation of such adhesives, two 

aqueous solutions of the polymer and TA are used. When these two solutions are mixed, strong 

interactions cause phase separation and coacervation, providing polymer-rich and water-rich 

phases. Then, through a centrifuge step, the coacervate phase can be collected, which has been 

found to have good adhesive properties in different aspects. For instance, Peng et al. mixed two 

aqueous solutions of poly(ethylene glycol)77-b-poly(propylene glycol)29-b-poly(ethylene glycol)77 

and TA, centrifuged the mixture, and the coacervate adhesive was collected at the bottom. The 

collected material exhibited instant and robust underwater adhesion on different substrates (600 

kPa on PMMA and 1.1 MPa on porcine skin).[95]  

On this basis, the second part of my research (papers Ⅲ and Ⅳ) focused on developing novel 

adhesives that mimicked some aspects of mussel glue to provide enhanced wet adhesion properties, 
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including water resistance and underwater adhesion. In the third study (paper Ⅲ), I aimed to 

enhance the water resistance of protein-based adhesives through a systematic investigation of three 

parameters (water solubility of the protein, addition of polyphenol, and protein-polyphenol 

coacervation). Finally, the synergetic effects of these factors could yield protein-based adhesives 

with commercial-level water resistance. In addition to developing the water-resistant adhesive, my 

fourth study (paper Ⅳ) aimed to develop a self-curable underwater adhesive. In this study, I 

designed an underwater adhesive based on TA, poly(propylene oxide) (PPO), and PPO derivatives. 

The adhesive exhibited strong tackiness underwater, but more importantly, the epoxide and amine-

terminated PPO could render the adhesive curable and provide durable water-proof bonding. 
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3. Methods 

In this chapter, the experimental procedures and characterisation methods used in my PhD studies 

are described in detail in three sections: 

 Preparation of the PDA-based coatings,  

 Preparation of the mussel-inspired adhesives,  

 Characterisation methods for coatings and adhesives. 

3.1 PDA-based coatings 

In papers Ⅰ and Ⅱ, pure PDA (DA only) and hybrid PDA films (DA co-deposited with PEI, 

tetraethyl orthosilicate (TEOS), CuSO4ꞏ5H2O, and dextran) were obtained using two approaches: 

one-step (traditional method for the deposition of PDA-based coatings) and LBL deposition (the 

method explored in this PhD thesis).  

3.1.1 Substrate (silicon wafer) preparation  

In my studies, the PDA-based coatings were prepared on silicon wafers (100 mm 1KA thermal 

oxide, WaferNet Inc.). The silicon wafers (2.5 cm × 1.5 cm) were first rinsed with acetone, ethanol, 

and ultrapure water, and then dried using compressed air. Next, the wafers were cleaned using 

plasma (PDC-32G plasma cleaner, Harrick Plasma) with high power under a constant water vapour 

pressure (500 mTorr) for 30 s. The silicon dioxide (SiO2) layer thickness was estimated by 

spectroscopic ellipsometry. 
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3.1.2 Preparation of PDA coatings 

DA was first dissolved in Tris buffer (pH 8.5, IS 50 mM) and the wafers were immediately 

immersed in the DA solution (2 mg mL-1) while stirring at 250 rpm. To keep all of the specimens 

still and vertically aligned, the substrates were mounted into a custom-made Teflon holder (Figure 

3.1). The total volume of the solution was (always) fixed at 300 mL. The distance between the 

wafer centre and the air–solution interface was maintained at ~4 cm (to maintain the oxygen 

content at the same level). After a given deposition time (0.5, 2, 4, 6, 12, 18, 24, and 48 h), the 

wafers were removed from the reaction solution and rinsed with Tris buffer. They were then 

sonicated using an ultrasonic cleaner (USC 600 TH, VWR) in fresh Tris buffer for 1 min at room 

temperature and was repeated three times to ensure removal of the attached aggregates (Figure 

3.2), then dried with compressed dry air.  

 

Figure 3.1 Silicon wafers mounted into a Teflon holder.  

A similar procedure was employed to prepare PDA coatings using the LBL method; however, the 

DA solution was regularly exchanged with fresh DA solution (Figure 3.3). To produce coatings 

with the LBL method, the samples were immersed for 2 h (a sufficiently short time), and the 
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process was repeated a certain number of times. Therefore, coatings could be produced through 

steps of 2 × 2 h, 3 × 2 h, 6 × 2 h, 9 × 2 h, and 12 × 2 h. Three replicates were prepared for each 

sample. 

   

Figure 3.2 Optical micrographs of PDA coatings obtained after 6 h with one-step deposition: (A) before and (B) after 

sonication. 

3.1.3 Preparation of PDA/dextran and PDA/PEI coatings 

 

Figure 3.3 Schematic of the layer-by-layer construction of PDA, PDA/dextran, PDA/PEI, and hierarchical films. 

PDA/dextran films were prepared using the above procedure; however, a mixture of DA (2 mg 

mL-1) and dextran (10 mg mL-1) was used in the solution.[64] Dextran powder (Mw ~150,000, 

from Leuconostoc mesenteroides) was first dissolved in Tris buffer, and then DA was added to the 
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solution. The samples were prepared using both one-step and LBL methods. PDA/PEI films were 

deposited similarly using a solution mixture of PEI (0.2 mg mL-1) and DA (2 mg mL-1).[68] 

3.1.4 Preparation of PDA-based hierarchical coatings 

A hierarchical film consisting of five different layers was constructed by the sequential LBL 

deposition of PDA, PDA/PEI, PDA/TEOS, PDA/CuSO4ꞏ5H2O, and PDA/dextran. The deposition 

time was identical for each layer (2 h). The concentrations of PDA, PEI, and dextran were the 

same as previously, while TEOS (precursor of SiO2) and CuSO4ꞏ5H2O were added at 

concentrations of 42 [117] and 0.3 mg mL-1, respectively.[118] 

3.2 Preparation of adhesives 

Two types of adhesives were prepared in my studies: (i) protein-based adhesives and (ii) PPO-

based adhesives. 

In paper III, two types of proteins (gelatine from porcine skin and zein from maize) were used in 

combination with TA, either by making a solution of the components or by forming a coacervate. 

To create gelatine-TA solution adhesives, gelatine was dissolved in warm water (20 wt.% dry 

content), and then TA aqueous solutions with different concentrations were added drop-wise. The 

gelatine-TA coacervate was produced by mixing aqueous solutions of gelatine and TA and then 

centrifuging the mixture. For zein-TA solution adhesives, zein was dissolved in an aqueous ethanol 

solution (90 v/v% ethanol), and various amounts of TA powder were added to the zein solution 

and mixed for 2 h (45 wt.% dry content). In addition, zein-TA coacervate adhesives were obtained 

by mixing the zein ethanol solution with the TA aqueous solution and centrifuging the mixture 

(Figure 3.4). 
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Figure 3.4 Preparation procedure for zein–tannic acid complex coacervate adhesives. Reprinted with permission from 

[119]. 

In paper Ⅳ, PPO-TA coacervate adhesives were prepared by mixing PPO (5 wt.%, 4 °C) and TA 

(5 wt.%, 4 °C) aqueous solutions at a 1:1 weight ratio; after centrifuging, the PPO-TA coacervate 

phase was collected at the bottom. Diepoxide-terminated PPO (epPPO) and triamine-terminated 

PPO (aminePPO) were also mixed with TA and centrifuged under identical conditions. To make 

a curable adhesive, epPPO-TA coacervate and aminePPO were mixed in a series of weight ratios. 

3.3 Characterisation 

3.3.1 Ellipsometry 

In the first two studies (papers Ⅰ and Ⅱ), ellipsometry measurements were conducted to estimate 

the thickness of the PDA-based films. 

 

Figure 3.5 Schematic illustration of spectroscopic ellipsometry. Reprinted with permission from [120] © The Optical 

Society. 
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Figure 3.5 shows a schematic illustration of the spectroscopic ellipsometry setup. An ellipsometer 

measures the changes in the polarisation state of light reflected from a flat sample. The incident 

light passes through a polariser to generate elliptically polarised light that irradiates the sample. 

The polarised light is composed of two components: s-polarised light (perpendicular to the plane 

of incidence) and p-polarised light (parallel to the plane of incidence). The interaction between the 

incident light and the sample alters the polarisation state of the reflected light, which is detected 

by the analyser and quantified in terms of the ellipsometric parameters ∆ and Ψ. The former 

represents the phase difference between the p- and s-polarisations, and the latter represents the 

amplitude ratio. The correlation between the measured values of ∆ and Ψ and the sample properties 

is described by the following equation:[121] 

tanΨe ∆  ρ θ , N , N , N , . . . N , d , . . . d . 

   

Figure 3.6 Optical model consisting of ambiance, thin films, and substrate. 

Here, four layers are considered as an example; ρ is a complex reflectance function of the angle of 

incidence (θ0); optical constants of the ambiance (Na), substrate (Ns), layers (N1 and N2); and the 

thickness (d) of the film (Figure 3.6). After determining ∆ and Ψ, an appropriate optical model 
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should be constructed to describe the nominal structure of the multilayer sample, including the 

optical constants and thickness information for all constituents. Then, Fresnel equations are 

applied to calculate ∆ and Ψ for the constructed optical model, and the best fit (with the smallest 

mean squared error (MSE)) between the characterised and modelled values is obtained through 

regression. 

The PDA-coated silicon wafer in my studies is represented by a three-layer optical model 

consisting of (i) a silicon (c-Si) substrate, (ii) an oxide layer (SiO2), and (iii) a PDA coating. 

Because the optical constants of PDA are unknown, an appropriate model is required to describe 

its dielectric function and optical behaviour. To do so, the optical constants of PDA coatings were 

modelled, and the detailed modelling description is provided in the attached papers Ⅰ and Ⅱ. Here, 

I briefly describe the models used in my studies to estimate the PDA coatings. The modelling 

procedure should always start from the simple Cauchy model and proceed to the complex B-spline 

model. The Cauchy equation is an empirical relation between the refractive index of the material 

and the wavelength.[122] 

n λ A , 

where A adjusts the amplitude of the index of refraction and B and C account for the curvature of 

the dispersion. Considering the light absorption property of the PDA coating, the Urbach 

absorption term is added to modify the Cauchy relation. 

k E  A e , 

E  , 
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where the extinction coefficient (k) is characterised by the “offset” for all wavelengths (Ak), 

exponent factor (Bk), photon energy (E), and band-edge energy (Eb). In the model, λb is fixed, and 

Ak and Bk are free parameters. The Urbach absorption term is only appropriate for materials with 

weak light absorption; thus, for PDA coatings with strong absorption, a complex model, the B-

spline function, was applied. This model is a mathematical function and is defined as a recursive 

set of single polynomial splines.[122,123] 

B x 1      t ≪ x ≪ t  
 0     otherwise         

, 

B x B x B x , 

where k is the degree of the spline (a third-degree polynomial function used in my study), and i is 

the index for the nodes (ti) across which the polynomial functions connect. The multiple basis 

functions are then summed to produce the over-shape, S(x), of the dielectric function. 

S x ∑ C B x , 

where Ci denotes the coefficient of the basis function. The number of nodes is a crucial parameter 

that is directly related to the description of the optical dispersion and number of free parameters. 

Moreover, to avoid the appearance of non-physical solutions with negative ε2 values and ensure 

the correlation between ε1 and ε2, Kramers–Kronig (KK) relations are applied together with the B-

spline function[122,123]  

ε E 1
2
π

P
E′ε E′
E′ E

dE 
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Furthermore, for a rough PDA film, a roughness layer, defined as a PDA–air mixture, is added on 

top of the B-spline. The optical dispersions of the PDA–air roughness layer are described using 

the Bruggeman effective medium approximation (EMA) equation.[122,124,125] 

f
ε  ε
ε 2ε

f
ε  ε
ε 2ε

0 

where εEMA is the complex dielectric function of the PDA–air layer and fPDA and fair are the volume 

fractions of PDA and air, respectively. In my study, the roughness layer was treated as a 

homogenous layer comprising a 50:50 mixture of PDA: air; thus, fPDA and fair were both 0.5. 

3.3.2 Atomic force microscopy (AFM) 

 

Figure 3.7 Schematic illustration of atomic force microscopy. Reprinted with permission from [126]. 

AFM is a scanning probe microscopy technique based on the interaction between a probe and the 

sample surface.[127] AFM comprises four major parts: a cantilever with a probe, laser source, 

piezoelectric scanner, and photodiode detector (Figure 3.7). The piezoelectric scanner drives the 

cantilever mounted with a tip to scan the sample surface in three directions (x, y, and z). The forces 
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between the tip and sample cause deflection of the cantilever, which can be detected and utilised 

to obtain topographical images. To monitor the deflection, a laser beam is reflected from the back 

of the cantilever onto the photodiode detector. When the cantilever deflects, the angle of the 

reflected laser beam changes, and the spot falls on a new position of the photodetector, which can 

be converted into lateral and vertical deflections of the cantilever. 

In my studies (papers Ⅰ and Ⅱ), AFM (NanoWizard 3, JPK Instruments AG, Berlin, Germany) 

operating in tapping mode in air was employed to obtain topographical images and estimate the 

thickness of the coatings. In tapping mode (Figure 3.8), the cantilever oscillates vertically close to 

its resonant frequency. When the distance between the tip and the sample decreases, phase and 

amplitude shifts occur; to keep the amplitude constant, the piezo then withdraws the tip away from 

the sample surface, and vice versa. This is the feedback movement of the piezo, which is used to 

generate the topographic image of the surface. 

 

Figure 3.8 Tapping mode of atomic force microscopy. 
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3.3.3 Adhesive lap shear testing  

Lap shear tests (papers Ⅲ and Ⅳ) were conducted using a Universal Testing System (Instron 345c, 

USA) to examine the adhesion strength of the adhesives. 

  

Figure 3.9 (A) and (B) Summary of immersion tests. (C) Representative force curve obtained from the lap shear test 

of the zein-TA coacervate. (D) Mode failure (adhesive, cohesive, or both) was assessed using light microscopy. 

Reprinted with permission from [119]. 

For preparation of the specimens, pre-cut aluminium substrates (50 mm × 12 mm) were polished, 

degreased, and rinsed with demineralised water, ethanol, and acetone before use. The adhesives 

were then evenly applied to the substrates (overlap area 12 mm × 12 mm), clamped, and cured 

under the following conditions. (i) The adhesive joints of pure gelatine and gelatine-TA were dried 

at ambient temperature for 48 h and then stored in a desiccator for 12 h before testing. (ii) The 
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zein-TA formulation and zein-TA coacervate adhesive joints were dried at ambient temperature 

for 1 h, cured at 120 °C for 24 h, and stored in a desiccator for 12 h prior to testing. (iii) The PPO, 

PPO-TA, epPPO-TA, and epPPO-TA + aminePPO adhesive joints were cured under two 

conditions: at ambient temperature and underwater for 48 h. (iv) The commercial adhesive (Loctite 

Superglue) joints, as the positive control, were cured following the instructions provided by the 

supplier (24 h at an ambient humidity of ~50%). After curing, the adhesive joints (five samples for 

each adhesive) were evaluated through lap shear testing according to a modified ASTM D1002 

procedure (cross-head speed of 1.5 mm min-1) (Figure 3.9B). 

In addition to evaluating the dry adhesion of the adhesives, the water resistance was also examined 

by immersing the adhesive samples in demineralised water for different durations. After a certain 

immersion time, the samples were removed from the water, and the lap shear strength was 

immediately measured (Figure 3.9A, B). Based on the force curves of the lap shear tests, the 

maximum breaking force can be obtained (790 N, Figure 3.9C), which can be converted into the 

adhesion strength (P = F/S = 790 N/(12 mm × 12 mm) = 5.49 MPa). The failure mechanism 

(adhesive failure, cohesive failure, or both) can be distinguished by assessing the performance of 

the failed joints (Figure 3.9D). 

3.3.4 Underwater adhesion testing 

Underwater adhesion testing (paper Ⅳ) was conducted using the Universal Testing System 

(Instron 345c, USA) to estimate the underwater adhesion of the underwater coacervate adhesives 

(Figure 3.10). 
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Figure 3.10 Setup of underwater adhesion testing and representative force curve of PPO-TA (5 wt.%-5 wt.%). 

The setup of underwater adhesion testing is shown in Figure 3.10 (left); two aluminium cylinders 

were mounted on a tensile testing machine with a 50 N load cell and immersed in deionised water. 

To test the underwater adhesion, freshly prepared coacervate adhesive was applied using a syringe 

onto the bottom cylinder (diameter = 2 cm) underwater and compressed by the top cylinder 

(diameter = 1 cm) with a certain force (10 N) and time (1 min). The underwater adhesion strength 

was then obtained by pulling the top cylinder at a speed of 1 mm s-1. Ten measurements were 

performed for each adhesive and the average adhesion strength was determined. The underwater 

adhesion strength and dissipation energy of the adhesives were estimated based on the force curves 

(Figure 3.10, right). 

3.3.5 Other characterisation techniques (water contact angle, zeta potential, XPS, FT-IR)  

In addition to the aforementioned techniques, other characterisation methods were also employed 

in my studies. Because these methods were only used as surface analytical tools and were 

performed following the standard procedures, the detailed theoretical principles are not given here. 

Water contact angle measurements were conducted using a Theta Lite optical tensiometer (Biolin 

Scientific, Sweden) to assess the hydrophilic/hydrophobic performance of PDA and PDA hybrid 
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films (papers I and Ⅱ). Surface zeta potential (SurPASS3, Anton Paar GmbH, Austria) 

measurements were conducted at different pH (3 and 9) to examine the charging behaviour of the 

hierarchal PDA hybrid films (paper Ⅱ). In other words, the change in zeta potential of different 

hybrid films could also be used to examine the construction of PDA hybrid films. Elemental 

analyses of the samples were performed using X-ray photoelectron spectroscopy (XPS). This 

technique was used to investigate the different deposition processes of PDA-based films (papers Ⅰ 

and Ⅱ) and to examine the formulation of zein-TA and AP coacervate adhesives (paper Ⅲ). 

Finally, Fourier-transform infrared spectroscopy (FTIR) was used to characterise the functional 

groups to determine the interaction types in the zein-TA coacervate adhesive. 
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4. Summary of results 

In this section, I briefly discuss the aims and main findings of my studies on coatings (first and 

second studies) and adhesives (third and fourth studies) inspired by mussel glue. The full content 

of these studies can be found in papers I–IV (appendices). 

 

Figure 4.1 Schematic summary of the first study, ellipsometry analysis of PDA films. Reprinted with permission from 

[83]. 

The first study (paper Ⅰ) was an ellipsometry study of PDA films, with an emphasis on developing 

appropriate optical models (Figure 4.1). PDA possesses complex optical behaviour that requires a 

careful modelling approach when analysing ellipsometric data; otherwise, inaccurate estimations 

of the thickness of the PDA film may be obtained. However, there are two issues in previously 

reported studies: (i) some studies completely ignored the light absorption of PDA films and thus 

used simple models such as the Cauchy model,[48,68,87,88] and (ii) a few studies considered the 

light absorption, yet these did not discuss the general considerations of analysing such data, such 

as the roughness and variable optical constants.[64,89,90] In this study, three sets of PDA coatings 
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were obtained using (i) short, (ii) intermediate, and (iii) long deposition times (Figure 4.2). With 

increasing deposition time, increased thickness and roughness of the coatings are expected, as well 

as variations in their optical properties (as discussed in Section 2.3.1.3.3). Based on the previously 

reported studies, PDA is also expected to exhibit increased light absorption with deposition 

time.[84,128] Thus, these three PDA coatings corresponded to 

 

Figure 4.2 Three PDA coatings: (A) thin with weak light absorption obtained with a short deposition time (B) thick 

and fairly smooth with strong light absorption obtained with an intermediate deposition time, and (C) thick and rough 

with strong light absorption obtained with a long deposition time on the silicon wafer. Reprinted with permission from 

[83]. 

(i) A thin and smooth coating with weak light absorption (Figure 4.2, left). 

(ii) A thick and fairly smooth coating with strong light absorption (Figure 4.2, middle). 

(iii) A thick and rough coating with strong light absorption (Figure 4.2, right). 

In each case, a step-by-step modelling approach was conducted starting from the Cauchy model, 

after which more model parameters were added to account for light absorption and roughness. As 

an example, I will here describe the step-by-step modelling for the coating obtained by the long 

deposition. First, the Cauchy model was used; however, the modelled ∆ and Ψ spectra failed to 

match the experimental data (Figure 4.3, MSE = 150.7). Here, A (amplitude parameter) and the 

coating thickness were the free parameters. B and C were fixed at 0.01 and 0 (typical for organic 

transparent materials), respectively, as including them as free parameters did not significantly 
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improve the fitting quality. Thus, the Cauchy model was not a suitable model for describing the 

optical properties of PDA. To account for the light-absorbing properties of PDA, an Urbach 

absorption term was added to the Cauchy model. Urbach decreased the MSE (Figure 4.4, MSE = 

99.7), so there was a need for including light absorption, but Urbach alone was not good enough. 

This is because the Urbach is for weak light absorption mainly in the UV range, and with a simple 

exponential dispersion shape. In contrast, PDA exhibits strong light absorption over the entire 

wavelength range and a complex dispersion shape rather than an exponential one. Thus, more 

complex models should be used to describe a thick PDA film with strong absorption. 

Fit Results 
MSE = 150.754 (Out-Of-Spec) 
Thickness # 3 = 35.26 ± 0.221 nm 
A = 1.965 ± 0.005662 
Total Thickness = 137.69 ± 0.221 nm 

Optical Model 
 

 

 

 

Figure 4.3 Thick and rough PDA coating with strong light absorption modelled using the Cauchy model. 
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Fit Results 
MSE = 99.780 
Thickness # 3 = 38.47 ± 0.158 nm 
A = 1.887 ± 0.003577 
k Amplitude = 0.09741 ± 0.001566 
Exponent = 0.460 ± 0.0101 
Total Thickness = 140.91 ± 0.158 nm 

Optical Model 
 

 

 

Figure 4.4 Thick and rough PDA coating with strong light absorption modelled using the Cauchy model with Urbach 

absorption. 

When having materials with unknown optical constants, one approach is to use B-spline, which is 

a simple mathematical model that can provide a continuous dispersion curve with adjustable free 

parameters. The B-spline is not a “physical” model, and thus the Kramers–Kronig relation should 

be included to maintain the physical results. In addition, the number of nodes, as the free fitting 

parameters, needs to be minimised to avoid over-parameterisation; the optimised number of nodes 

was six in this study. Compared to the Cauchy and Cauchy with Urbach term models, the B-spline 

function afforded a better match between the model and ellipsometric data (Figure 4.5, MSE = 

15.0), yet the fitting was still not perfect for short wavelengths. 
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Fit Results 
MSE = 15.002 
Thickness # 3 = 49.72 ± 0.071 nm 
E Inf = 1.316 ± 0.009661 
IR Amp = 0.374 ± 0.0100 
Total Thickness = 152.15 ± 0.071 nm 

Optical Model 
 

 

 

Figure 4.5 Thick and rough PDA coating with strong light absorption modelled using the KK-consistent B-spline 

model. 

Considering that the PDA coating was prepared with a long deposition time, the surface is expected 

rough. In this case, a roughness layer, treated as a homogenous mixture of PDA/air, was added to 

the B-spline layer, which provided a perfect match across the entire range of wavelengths (Figure 

4.6, MSE = 6.9). To confirm the uniqueness of the modelling outcome, the correlation between 

the film thickness and roughness was investigated (Figure 4.7A). Various combinations of 

thickness and roughness values were estimated based on their MSE values. Accordingly, the 

unique combination of the thickness (~46 nm) and roughness (~9 nm) providing the smallest MSE 
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(red region) confirmed that the modelling outcome was unique. The thicknesses estimated based 

on ellipsometry using different models for the PDA coating produced with a long deposition time 

are summarised in Figure 4.7B, which shows the values depending on the type of model. To verify 

the correctness of the results, three methods were used: 

Fit Results 
MSE = 6.903 
Roughness = 9.54 ± 0.205 nm 
Thickness # 3 = 46.62 ± 0.086 nm 
E Inf = 1.213 ± 0.008403 
IR Amp = 0.208 ± 0.009201 
Total Thickness = 149.05 ± 0.086 nm 

Optical Model 

 

 

 

Figure 4.6 Thick and rough PDA coating with strong light absorption modelled using the KK-consistent B-spline 

model with roughness. 

(i) The estimated thickness from ellipsometry was compared with that estimated by AFM (Figure 

4.7C, scratch test), and both values were in agreement (Figure 4.7D). 

(ii) The estimated thickness from AFM was used as an input to the model, and thus only the optical 

constants were unknown free parameters. 
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Figure 4.7 (A) Thickness–roughness uniqueness graph and (B) thickness estimations with different models for the 

PDA coating produced using a long deposition time. (C) Representative AFM image for the scratch test. (D) 

Ellipsometry and AFM thicknesses of PDA coatings. Reprinted with permission from [83]. 

(iii) Optical constants of thick coatings were estimated from methods (i) and (ii) and then used as 

inputs to analyse thin layers (with only thickness as a free parameter). 

Overall, this study demonstrated several points: 

(i) For materials with unknown optical constants (such as PDA), modelling the optical properties 

requires extra attention, because erroneously chosen models and parameters can result in 

inaccurate estimations (Figure 4.7B).  
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(ii) The chemistry and microstructure of PDA vary depending on preparation conditions. This 

means that PDA does not have "fixed" optical constants; therefore, a thorough modelling 

procedure is required for each case. 

(iii) For materials with unknown n and k (such as PDA), the modelling outcome should be verified 

using other methods such as AFM. 

 

Figure 4.8 Schematic illustration of dopamine-assisted layer-by-layer deposition, yielding coatings with controlled 

microstructure and physicochemical properties (Cover figure for paper Ⅱ). Reprinted from the submitted paper with 

permission from the American Chemical Society. 

The second study (paper Ⅱ) proposed a novel method for constructing coatings with controlled 

microstructures and physicochemical properties. DA-assisted deposition, based on catechol 

chemistry and inspired by mussel adhesion, allows covalent and non-covalent incorporation of 

various materials within a coating. Despite its versatile chemistry, this method has issues in 

controlling the thickness growth and excessive surface roughness/aggregation of the coating. LBL 

assembly has been widely used to prepare polyelectrolyte multilayer coatings. Despite its ease and 

practicality, this method is generally limited to charged molecules and particles. In this study, I 

demonstrated that combining these two approaches (DA-assisted deposition and LBL deposition) 
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allowed the construction of complex coatings with efficient control of the microstructure 

(thickness and surface morphology) and chemical composition (Figure 4.8). Two sets of 

experiments were conducted to investigate the benefits of this combined method. 

 (i) PDA, PDA/PEI (covalent deposition), and PEI/dextran (non-covalent deposition) coatings 

were prepared as representative cases. All of these cases showed that the combined method could 

improve the growth and surface morphology of the coatings. For instance, as shown in Figure 4.9, 

the PDA/PEI hybrid coating obtained with one-step deposition (traditional method) exhibited a 

decaying growth rate and reached a plateau after 10 h with a thickness of ~12 nm. In contrast, the 

coating obtained with the LBL deposition exhibited linear growth, and the thickness reached ~50 

nm after 6 × 2 h depositions. Similarly, the AFM results also showed that the LBL deposition 

could provide a smoother morphology. 

(ii) Hierarchal layers consisting of a synthetic polyelectrolyte, uncharged biopolymer, copper ions 

(coordination deposition), and nanoparticles were constructed. The results demonstrated that this 

combined method could easily adjust the coating properties (compositions, thickness, surface 

charge, wettability, refractive index, and others) (Figure 4.9B, C, D). For example, as shown in 

figure 4.9 D, by depositing each individual layer, we were able to control the surface wettability, 

i.e., making it more hydrophilic or hydrophobic.  

Overall, the combined approach of DA-assisted deposition with LBL assembly enabled an 

increased coating thickness, smoother surface morphology, and varied coating properties in the Z-

direction as required. Such "Lego-like" constructions open up an infinite number of possibilities 

for designing composite coatings, where the physicochemical properties can be adjusted both 

within the bulk and at the surface of the coating. 



61 
 

 

Figure 4.9 Characterisation of hybrid films. (A) PDA/PEI films obtained with one-step deposition and LBL deposition. 

(B–D) Hierarchical hybrid films obtained through the LBL deposition of DA, DA/PEI, DA/TEOS (precursor of SiO2), 

DA/CuSO4, and DA/dextran on a silicon wafer. (B) Schematic of the multiple layers and ellipsometry thickness of 

each layer. (C) Surface zeta potential and (D) water contact angle of each layer after deposition. Reprinted from the 

submitted paper with permission from the American Chemical Society. 
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Following the coating studies, adhesives for wet environments, including water-resistant adhesives 

(paper Ⅲ) and underwater adhesives (paper Ⅳ), were also designed, inspired by mussel glue. 

 

Figure 4.10 Summary of mussel protein adhesive (top) and engineered protein adhesive (bottom). Mussel adhesive 

contains several foot proteins (Mfps). Dopa-rich Mfp-3 and Mfp-5 can regulate adhesion and cohesion. Mfp-3s also 

undergoes coacervation and phase separation to form an adhesive plaque. The water solubility of the protein, addition 

of tannic acid, and protein-TA complex coacervation were studied to improve the water resistance of protein 

adhesives. Reprinted with permission from [119]. 

The third study (paper Ⅲ) focused on developing bio-based adhesives with improved water 

resistance by enhancing the cohesive properties in the wet state. As mentioned in the background 

section, bio-based materials such as proteins have been investigated as potential substitutes for 

synthetic adhesives. Nevertheless, protein-based adhesives often exhibit poor water resistance 
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owing to water absorption, which limits their outdoor applications. This study aimed to inhibit 

water penetration and uptake in protein-based adhesives to enhance their water resistance. To 

achieve this, we systemically studied three factors (Figure 4.10): 

 Water solubility of the protein: water-soluble (gelatine) and water-insoluble (zein) proteins 

were compared. 

 Polyphenol: tannic acid (TA) was added to zein and gelatine solutions to mimic the 

catechol moiety of Dopa. 

 Coacervation: proteins and TA undergo complex coacervation. 

 

Figure 4.11 Wet lap shear strength of the adhesives with increasing immersion time. (A) Gelatine- and zein-based 

adhesives (obtained by solution mixing) with and without tannic acid. (B) Zein-tannic acid complex coacervate 

adhesive and commercial adhesive (Loctite SuperGlue). Reprinted with permission from [119]. 

The effects of these factors on the water resistance were estimated using wet lap shear tests (short-

and long term immersion in water). The results indicated that water solubility was an important 

parameter, and zein exhibited stronger water resistance than gelatine (Figure 4.11A) after a short 

immersion time. However, zein also exhibited poor long-term water resistance. Thus, although 
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water insolubility of the protein can prevent water penetration to enhance water resistance, it 

cannot ensure prolonged durability. 

TA was then added, which is a common approach reported in the literature (as discussed in Section 

2.3.2) to enhance the performance of adhesives under wet conditions. It was found that TA could 

improve the water resistance of zein and gelatine in the short term through cross-linking of the 

proteins; nevertheless, it could not ensure longer durability (Figure 4.11A). 

The third step was coacervation driven by the different interactions between the protein and TA, 

which formed insoluble protein-TA complex coacervate adhesives. It was found that the zein-TA 

complex coacervate exhibited significantly improved water resistance and even emulated 

commercial glue. 

 

Figure 4.12 Summary of the water resistance (lap shear strength) evaluation of adhesives for gelatine (G), zein (Z), 

zein with tannic acid (ZTA), zein-tannic acid complex coacervation (ZTA-C), and Loctite SuperGlue (SG) adhesive 

joints immersed in water for 7 days. Reprinted with permission from [119]. 
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Overall, this study suggests that by combining mechanisms that can reduce water uptake within 

the biopolymer adhesive (reducing water-solubility, cross-linking, coacervation, etc.), one can 

improve the wet cohesive properties and thus improve the water resistance (Figure 4.12). Based 

on our short study, coacervation appears to be an efficient mechanism that requires further 

investigation. 

In the fourth study (paper Ⅳ), I designed a novel underwater adhesive based on the coacervation 

of poly(propylene oxide) (PPO and TA, which provided strong tackiness and could cure 

underwater (Figure 4.13). Polymer-TA coacervation is a promising approach for designing 

underwater adhesives (as discussed in Section 2.3.2), where the galloyl structure of TA mimics 

catechol in mussel glue. More importantly, the formed coacervate adhesive provides reduced water 

solubility and improves wetting properties. However, because these coacervate adhesives are 

normally formed via non-covalent bonding (hydrogen bonding and ionic interactions), one issue 

is that they cannot be cured to form a permanent bond. Thus, two systems were designed in this 

study: (i) a PPO-TA underwater adhesive and (ii) a curable underwater adhesive based on PPO 

derivatives and TA. 

 

Figure 4.13 Schematic of the self-curable underwater adhesive obtained with poly(propylene oxide) and tannic acid 

(Cover figure for paper Ⅳ). Reprinted from the submitted paper with permission from the Royal Society of Chemistry. 
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PPO is a suitable material for producing underwater adhesive because it has several benefits: 

(i) It is non-toxic; 

(ii) Relatively easy to solubilize in water; 

(iii) It is commercially available with different end group functionalities. 

 

Figure 4.14 Characterisation of PPO-TA coacervate formation and underwater bonding tests on different materials. 

Reprinted from the submitted paper with permission from the Royal Society of Chemistry. 

The PPO-TA adhesive was readily produced by mixing PPO with hydroxyl end groups and TA 

aqueous solutions. After mixing, the solution became milky immediately because of the 

coacervation, where the polymer-rich droplets were dispersed in the water-rich phase (Figure 

4.14). Upon centrifugation, the PPO-TA coacervate adhesive (light orange in colour) was obtained 

at the bottom. It was found that the PPO-TA adhesive not only provided strong underwater 

adhesion to aluminium (Figure 4.15A, ~350 kPa) but also exhibited instant underwater bonding 

ability to different materials, such as metal, porcelain, plastic, and glass (Figure 4.14). However, 
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because there is no covalent bonding between PPO and TA, the PPO-TA coacervate cannot cure. 

Therefore, the adhesive after 2 days in water showed a lap shear strength of zero (Figure 4.15 B). 

 

Figure 4.15 Evaluation of (A) underwater adhesion, (B) curing performance after 2 days in water, and (C) curing 

performance of the two-component adhesive in air and water along with the commercial benchmark. (D) Schematic 

illustration of the two-component adhesive. Reprinted from the submitted paper with permission from the Royal 

Society of Chemistry. 

To make the adhesive curable, I designed a two-part adhesive based on the epoxide-phenol-amine 

chemistry. Part Ⅰ (epPPO-TA) was prepared by the coacervation of diepoxide-terminated PPO 

(epPPO) and TA, as described earlier. The collected coacervate shows underwater adhesion, but it 

cannot cure itself underwater. Part Ⅰ required a hardener (cross-linker, curing agent), so it can 

undergo covalent cross-linking and form a curable adhesive underwater. Herein, triamine-
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terminated PPO (aminePPO) was mixed with Part Ⅰ as a hardener in an optimised ratio. The 

epoxide and amine groups are expected to react at room temperature. Also, the amine groups 

should form both covalent (Schiff base and Michael addition) and non-covalent interactions with 

TA (Figure 4.15D). Thus, these reactions are expected to provide a curable underwater adhesive. 

The two-part adhesive was found to exhibit improved underwater adhesion strength (Figure 4.15A, 

~500 kPa), which was attributed to the stronger cohesiveness of this system. More importantly, 

this two-part adhesive could cure underwater and realised a significantly enhanced lap shear 

strength of ~9 MPa after immersion in water for 5 days, which was more favourable waterproofing 

than that of the Mr. Sticky’s adhesive (commercial underwater glue) (Figure 4.15C). 

In summary, PPO-TA coacervation provides a viscous material with underwater bonding property. 

More importantly, a curing functionality is obtained by designing a two-part system: epoxidized 

PPO-TA coacervate as part Ⅰ and aminated PPO as part Ⅱ. 
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5. Perspectives

Nature provides a wealth of inspiration for the creation of functional materials for various 

applications. My PhD studies were inspired by mussel glue that works on functional coatings and 

adhesives. Following my research on these two parts, several further studies can be conducted. 

For the ellipsometry studies of thick PDA films, it was suggested that an upper roughness layer 

may be required in the optical model. However, in the typical ellipsometry analysis, the roughness 

layer is generally assumed as a homogenous 50:50 mixture of PDA and air, which might not be 

the “real” roughness profile. Therefore, one possible direction would be to examine the roughness 

of the film using AFM and use that as an input to the optical model for ellipsometric analysis. 

In addition to PDA film characterisation, the concept of DA-assisted LBL deposition in my second 

study provides a concept for building layers in a universal manner. One future direction is 

conducting the LBL deposition process in a flow cell, where the parameters can be easily adjusted. 

Another possible direction is to focus on applications where coatings with Cu2+ or dextran can 

be made for high-refractive index or anti-fouling materials. 

For the adhesive part, the zein-TA complex coacervate adhesive exhibits promising water 

resistance. A further investigation of how different factors such as the solvent composition and 

mixing ratios can affect coacervate properties such as microstructure, followed by research on how 

these properties relate to the adhesive properties including bonding strength and water resistance, 

is beneficial for designing commercially competitive zein-based adhesives. In the case of the PPO-

based underwater adhesive system, in the future, it would be beneficial to study using PPO 

derivatives produced with natural materials and replacing the short-chain amine hardener with 

other natural polyamine components to remove the environmental footprints. 
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Parameterization of the optical constants of
polydopamine films for spectroscopic
ellipsometry studies†

Runtian Qie, Saeed Zajforoushan Moghaddam and Esben Thormann *

Bio-inspired polydopamine coatings offer vast possibilities for surface modification of materials. The

thickness of such nanometric coatings is usually estimated based on ellipsometry measurements.

However, the complex light-absorbing nature of polydopamine is often overlooked when analyzing such

data, which can result in inaccurate estimations of the coating thickness as well as the optical

properties. In this study, we prepared and characterized three polydopamine coatings where the film

thickness and surface roughness are systematically varied. For each case, we developed suitable optical

models and showed how an inappropriate optical model can provide inaccurate estimates of the

coating properties. AFM height profiles were obtained from scratched areas of each sample to verify the

thickness values estimated by ellipsometry. The results confirm that polydopamine coatings, depending

on the oxidation conditions, can possess different structural and optical properties, and thus require

unique optical models for the ellipsometry analysis.

1. Introduction

Polydopamine (PDA) has drawn enormous attention as a versatile
coating material that can readily form nanometric thin films on
different materials.1–3 Besides, PDA coatings can be co-deposited
or post-functionalized with different molecules providing a wealth
of surface modification possibilities.4–8 Owing to these advantages,
there has been a growing research effort devoted to the fabrication
and characterization of PDA coatings during the past decade.
Spectroscopic ellipsometry, as a powerful tool to estimate the
thickness of organic and inorganic thin-films, is often employed
to characterize PDA coatings.9–18 Ellipsometry is a non-destructive
optical method that measures the changes in the polarization state
of the light reflected from a thin-film on a substrate.19,20 The film
thickness is indirectly estimated from the experimental data
by constructing a proper model, which represents the optical
behavior of the material. For materials with known optical
constants, the film thickness is simply obtained as the only ‘‘free’’
parameter in the model. Contrarily, materials with unknown
optical constants are challenging because the thickness as well
as the optical constants are free model parameters. This brings up
two issues: (i) choosing the appropriate dispersion equation that

can describe the optical behavior of the material, (ii) the possibility
of overparameterization and correlation between the free model
parameters. Hence, samples with unknown optical constants
should be subjected to rigorous analysis to ensure the reliability
of the modeling outcome.

Polydopamine coatings comprise a complex mixture of
different aromatic compounds.21,22 The covalent coupling of
dopamine occurs through the oxidation of the catechol group
to quinone, followed by a cyclization reaction generating
indole, as well as other oxidation and reorganization reactions
forming several monomeric and oligomeric products.23 These
compounds aggregate through various supramolecular interactions
and produce polydopamine particles in the solution and
thin-films on the immersed substrates. Given such chemical
heterogeneity, polydopamine possesses a rather complex
optical dispersion with multiple absorption features over a
broad range of wavelength from UV to NIR regions.24–27 Besides,
the oxidation conditions affect the chemical composition and
structure of polydopamine films.23 Therefore, the optical properties
of PDA can also vary depending on the reaction conditions,
meaning that obtaining ‘‘tabulated’’ optical constants for PDA
is infeasible. Such complex optical behavior of PDA necessitates
a careful modeling approach to analyse the ellipsometric data of
PDA films. Moreover, the intrinsic granular, porous, and rough
nature of PDA films is another complication that must be con-
sidered. Such careful analysis and report of the ellipsometric data
of PDA films is often overlooked. Many studies still rely on the
Cauchy model, which is only valid for transparent materials with
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no or negligible light absorption. Besides, many studies report
merely the estimated thickness without unfolding the modeling
procedure and assessing the quality of the modeling data.

In this study, we prepared and characterized three PDA
samples through different deposition times, i.e., 2 h, 6 h, and
12 h. By doing so, we obtained PDA films of systematically
varied thickness and surface roughness; thus, we could optimize
the modeling approach for each case. The estimated thickness
for each sample was also verified by parallel AFM measurements
on scratched films. It is shown that PDA samples obtained from
different deposition times need unique optical models, depending
on their structural and optical characteristics. Moreover, the
misuse of the optical models provides significantly overestimated
optical constants and underestimated thickness values. Hence,
even if the optical constants of PDA are not of interest, the
estimated film thickness will be inaccurate unless an appropriate
optical model is utilized.

2. Methods
2.1. Experimental section

Dopamine hydrochloride (DA) and tris(hydroxymethyl)
aminomethane (499.9%) were purchased from Sigma-Aldrich.
DA was dissolved in tris-buffer solution (pH = 8.5, 50 mM) and
silicon wafers (WaferNet, San Jose, USA) were immersed into the
DA solution (2 mg mL�1) for 2, 6, and 12 h. The DA solution was
exchanged with a fresh solution every 2 h. Between each
exchange step, the wafers were sonicated in fresh tris-buffer,
then dried with compressed air. This procedure ensures a
smoother surface with less aggregates,9,28 which can improve
the quality of the ellipsometric data. Similar samples were
prepared on glass slides for transmission measurements.

To analyse the chemical composition of the PDA films, X-ray
photoelectron spectroscopy (XPS) measurements were conducted
using a Thermo Scientific K-Alpha X-ray photoelectron spectro-
meter equipped with a hemispherical analyser and an Al Ka
micro-focused monochromator. Peak analysis was conducted
using Avantage software. Surface charging was corrected with
carbon C 1s peak at 284.8 eV. The ‘‘smart’’ background and
mixed Lorentzian (30%)/Gaussian (70%) functions were used.
An initial value of 1.7 eV was used for full width at half
maximum (FWHM) of all peaks, which could vary between
1.5–1.9 eV.29 Spectroscopic ellipsometry measurements
(M-2000U, J. A. Woollam Co., Inc.) were performed in the
wavelength range of 245–1000 nm at 5 different angles of
incidence (50, 55, 60, 65, 701). Transmission measurements
(901) were conducted on bare and PDA-coated glass slides. For
each PDA sample, a total number of 15 measuring points (five
randomly selected areas on three specimens) were obtained
and the median representative data are presented. The instrument
software (CompleteEASE, J. A. Woollam Co., Inc.) was used for
data modeling and analysis. Atomic force microscope (AFM,
NanoWizard 3, JPK Instruments AG, Berlin, Germany) operating
in tapping mode in air was used to estimate the thickness of the
PDA coatings. The coatings were carefully scratched using a

tweezer and AFM images were collected over the scratched area.
The images were collected using a standard tapping mode
cantilever (HQ: NSC5/AL BS, tip radius B8 nm, k B 40 N m�1;
Mikromasch, Germany) with a scan rate of 0.1 Hz and pixel
resolution of 256 � 256. The thickness was then estimated from
the cross-section height profiles (three replicas) using the stan-
dard software of the instrument (JPK SPM Data Processing).

2.2. Theory and modeling procedure

In an ellipsometry experiment, p-polarized (parallel to the
plane of incidence) and s-polarized (perpendicular to the plane
of incidence) light waves are irradiated on a flat sample. The
interaction of light with the material gives rise to a variation in
the polarization state of the reflected light, which is quantified
in terms of ellipsometric c and D. The former represents the
amplitude ratio and the latter indicates the phase difference
between p- and s-polarizations, respectively. The measured c
and D values are related to the sample properties through the
complex reflectance function (r).30

tanCeiD = r(Na,Ns,N1. . .,Nj,d1,. . .dj,y0)

The change in polarization state is then related to the angle of
incidence (y0), the thicknesses (dj) of the layers, as well as the
complex optical constants of medium (Na), substrate (Ns), and the
layers (Nj). The optical constants of a material describe how it
interacts with the light, which can be characterized using the
complex refractive index (N) or the complex dielectric function (e).31

N = n � ik

e = e1 � ie2

The complex refractive index specifies how light–matter
interaction modifies the light properties in terms of phase
velocity, direction of propagation, and intensity loss. Contrarily,
the complex dielectric function characterizes how light–matter
interaction affects the material in terms of dielectric polarization.
These two parameters are then related to each other by:

e = N2

e1 = n2 � k2

e2 = 2nk

Since the optical constants of the material depend on the
light wavelength (l), N(l) and e(l) are recognized as the optical
dispersions of the material. Alternatively, the optical constants
can be described as a function of photon energy, which is
related to wavelength through:

E eVð Þ ¼ 1240

l nmð Þ

After collecting the measured c(l) and D(l), one must
construct an appropriate optical model that represents the
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nominal structure of the multilayer sample comprising
information on thickness and optical constants of all the
constituents. Next, the Fresnel’s equations are used to calculate
c(l) and D(l) for the constructed optical model and the best
match (with the smallest mean squared error (MSE)) between
the measured and modelled values is obtained through
regression.

The PDA-coated silica wafer is herein represented with a
three-layered optical model. The bottom-most component is an
optically thick silicon (c-Si) substrate, i.e., characterized by its
tabulated optical constants. A thermally grown oxide layer
(SiO2) is found on top of the substrate, which is characterized
by its thickness and optical constants. The values of optical
constants from the software library are used, while the thickness
(B100 nm) of the oxide layer was measured prior to PDA
deposition and then was fixed in the model. The topmost layer
represents the PDA coating characterized by the thickness and
optical constants. Since the optical constants of PDA are
unknown, an appropriate model is then required to describe
its dielectric function and optical behavior.32–36

The Cauchy relation is an empirical equation that is commonly
used to describe the optical dispersion of transparent dielectrics
and organic materials.

n(E) = A + BE2 + CE4

k(E) = 0

where A adjusts the amplitude of the index of refraction, while
B and C account for the curvature of the dispersion. The Cauchy
relation can be used only if the material displays a ‘‘normal’’
dispersion, i.e., e1 and n values increase towards larger photon
energy values (or shorter wavelengths) and light absorption is
negligible (e2 and k B 0) over the investigated wavelength
range. Generally, there is a possibility of correlation between
these parameters (specifically between B and C), so extra care is
needed to avoid overparameterization and physically implausible
dispersion shapes. In case of minor light absorption, one can
modify the Cauchy relation by adding the Urbach absorption
term:

k(E) = aeb(E�Eb)

The extinction coefficient is then characterized by the
amplitude (a), the exponent factor (b), and the band-edge
energy (Eb), which together produce a small exponentially-
decaying extinction coefficient. This term is useful if the
absorption is sufficiently small (k o 0.01) and the index of
refraction still shows a normal dispersion, e.g., weak light
absorption in the UV range.

For samples with a strong light absorption over a broad
range of wavelengths, the Urbach term cannot properly
describe the optical behavior. Such materials are usually
characterized by an ‘‘anomalous’’ dispersion, where e2 displays
multiple peaks, at which e1 shows a negative slope (decreases
with increasing photon energy). The alternative method is then
to parameterize the optical dispersion using a mathematical

spline function, specifically when information on the optical
constants of the material is limited. The spline function splits
the entire spectrum into defined intervals, over which the
optical dispersion curve is described using a simple polynomial
function. The interval size can be tuned by the number of
‘‘nodes’’ defined along the energy (wavelength) axis. A basis-
spline (B-spline) function sums all the individual basis
functions to construct the final optical dispersion rather than
joining the curves. Accordingly, a B-spline function is defined
as a recursive set of single polynomial splines.37,38

B0
i xð Þ ¼

1 ti � x� tiþ1

0 otherwise

(

Bk
i xð Þ ¼ x� ti

tiþk � ti

� �
Bk�1
i xð Þ þ tiþkþ1 � x

tiþkþ1 � tiþ1

� �
Bk�1
iþ1 xð Þ

where k represents the degree of the spline (usually 3rd-degree
polynomial function, including this study), i is the index
(number) for the nodes (ti) over which the polynomial functions
connect. The multiple basis functions (spline components) are
then summed at each node to produce the overall shape of the
dielectric function.

S xð Þ ¼
Xn
i¼1

ciB
k
i ðxÞ

where ci are the coefficients that adjust the amplitude of each
spline component. One can decrease the spacing (interval size)
between the nodes to gain more control over the shape of the
B-spline curve. Nevertheless, while increasing the number of
nodes might seem to better describe the shape of the dispersion,
it will usually lead to unrealistic dispersions in which only the
noise is described better. On the other hand, the larger the
number of free parameters the higher the chance of correlation
between the parameters will be. Hence, generally one should
begin with an estimated lowest number of nodes and system-
atically increase the number of nodes. The number of nodes is
directly related to the number of free parameters; therefore,
increasing the number of nodes is acceptable only if a marked
improvement in the modeling quality is achieved, otherwise,
the lower number of nodes would be desired.39 Furthermore,
B-spline curves render a ‘‘convex hull’’ property, i.e., the summed
function cannot exceed the highest or lowest node amplitudes,
which allows the B-spline to remain positive if all spline
coefficients are Z0, thus avoiding non-physical solutions with
negative e2 values. However, since B-spline is a purely mathematical
parameterization of the optical dispersion, it cannot ensure the
physical correlation between e1 and e2. To address this problem,
Kramers–Kronig (KK) relations are used together with the B-spline
function. Accordingly, the real and imaginary parts of the dielectric
function are not independent, so e1 can be obtained by the
KK-transform of e2. Hence, the general approach is to parametrize
e2 using the B-spline function and then e1 is calculated using the
Kramers–Kronig causality relation:37

e1 Eð Þ ¼ 1þ 2

p
P

ð1
0

E0e2 E0ð Þ
E02 � E2

dE0
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where P is the principal part of the integral. When parametrizing
both e1 and e2 using B-splines, the number of free parameters
is approximately twice the number of nodes. On the other
hand, when parameterizing e2 only and then calculating e1 from
the KK relation, the number of fitting parameters is reduced by
almost half. In addition, it is ensured that the dielectric function
adopts a physically plausible shape, i.e., light absorption causes
anomalous dispersion (absorption bumps/peaks in e2 produce
wiggles in e1) and the larger the area under e2, the larger the
effect on e1.

The surface roughness can be modelled as a mixed material–
air layer, whose complex dielectric function is described by an
effective medium approximation (EMA) such as the Brugge-
man’s EMA:40,41

fA
eA � eEMA

eA þ 2eEMA
þ fB

eB � eEMA

eB þ 2eEMA
¼ 0

3. Results

PDA films are prepared through different deposition times, i.e.,
2, 6, and 12 h. Fig. 1 (panel a) and Table 1 summarize the XPS
chemical analysis and atomic composition of the coatings. The
signals of C, N, and O atoms are found in all the samples,

implying successful deposition of PDA coatings. The signal of
the silica substrate (Si 2p) is found for PDA 2 h sample, whereas
it is undetected for PDA 6 h and 12 h due to the larger thickness
of these samples. The calculated N/C ratio of the PDA 2, 6, and
12 h films is 0.131, 0.119 and 0.121, respectively. It can be seen
that N/C ratio of PDA films obtained with different deposition
times are E0.12, which is comparable to the stoichiometric
atomic composition of DA (N/C = 0.125). Next, deconvolution
analysis of high-resolution C 1s, O 1s, and N 1s peaks was
conducted.9,42,43 The representative high-resolution spectra of
C 1s, O 1s and N 1s regions, obtained for 2 h sample, are
presented in Fig. 1 (panel b–d). The corresponding data for
6 and 12 h samples are available in the ESI† (Section S1). The C
1s region comprises five peaks representing CHx (284.8 eV),
C–O/C–N (286.3 eV), CQO/CQN (287.8 eV), COOH (288.8 eV) and
p–p* (291.1 eV). The N 1s region includes three species representing
tertiary/aromatic (QNH2, 398.5 eV), secondary (R–NH–R, 399.9 eV),
and primary (R–NH2, 401.7 eV) amine groups. The O 1s region
represents three main components, namely O–C (531.3 eV), OQC
(532.8 eV) and Oads (534.3 eV, adsorbed H2O).

To investigate the effect of deposition time on the surface
properties of the coatings, water contact angle measurements
were also conducted (ESI,† Section S2). In general, the water
contact angle increases with the deposition time for PDA

Fig. 1 Surface characteristics of PDA films. (a) XPS spectra of PDA films of varying deposition times; high-resolution XPS spectra of (b) C 1s, (c) N 1s and
(d) O 1s regions of PDA 2 h deposition.

This journal is the Owner Societies 2021 Phys. Chem. Chem. Phys., 2021, 23, 5516�5526 | 5519

Paper PCCP

View Article Online



coatings (roughly from 50 to 601), which also suggests variations
in the surface properties of the coatings.

To examine the light-absorbing behavior of the PDA films,
transmission (straight-through) ellipsometry measurements
were conducted. Fig. 2 displays the intensity of the light
transmitted through bare and PDA-coated glass slides as a
function of wavelength. It is evident that all the PDA films
demonstrate a broad light absorption behavior (i.e., reduce the
transmission intensity) in the UV to NIR range, an effect that
becomes stronger towards shorter wavelengths. This observation
is consistent with the reported extinction coefficient of the poly-
dopamine particles in solution using UV-Vis spectroscopy.24,25

Notably, these studies suggest that light-absorption by PDA
particles enhances with time, meaning that the extinction
coefficient spectrum evolves with the oxidative reaction. Thus,
optical modeling of the PDA films requires two essential con-
siderations. First, the optical model should account for the
complex and broad light-absorbing nature of PDA. Second,
depending on the deposition conditions, i.e., deposition time
herein, the optical properties of PDA can vary so each sample
may require a unique optical model.

Fig. 3 demonstrates the ellipsometric c and D spectra
collected from the PDA films on silica wafer together with the
optimized modeling data. A step-by-step construction of the
optical model is used to analyse the PDA samples of different
deposition times (ESI,† Section S3). For 2 h deposition (Fig. 3,
left column), the Cauchy model was first utilized to describe the

optical dispersion of PDA. Herein, the film thickness and A
(amplitude parameter) were the free model parameters. It was
found that including B and C as free parameters has no
significant improvement in the quality of fitting, then constant
values of 0.01 and 0 (typical for organic transparent materials)
were used. However, the modelled c and D spectra poorly
matched the experimental data over the entire range of wave-
lengths (Fig. S3 (ESI†), MSE = 37.7). The Cauchy relation is thus
not an appropriate model to describe the optical behavior of
PDA. Given the light-absorbing nature of PDA, an Urbach
absorption term was included to add a small exponentially
decaying extinction coefficient to the Cauchy model. Thus, in
addition to thickness and A, amplitude (a) and exponent
(b) parameters of the Urbach relation are also free model
parameters (Eb was set to the highest photon energy in the
spectrum, i.e., 5 eV). By doing so, a notable improvement in the
fitting quality was achieved (Fig. S4 (ESI†), MSE = 6.9 � 0.6).

For 6 h deposition (Fig. 3, middle column), the Cauchy
model, as expected, poorly described the optical properties
(Fig. S5 (ESI†), MSE = 101.1). Including the Urbach absorption
partly improved the fitting quality (Fig. S6 (ESI†), MSE = 39.6),
yet the modelled data still could not sufficiently match the
measured data, e.g., in the 300–400 nm region. Hence, the
Urbach absorption term cannot represent the strong light
absorption by PDA obtained by 6 h deposition. As discussed
earlier, the Urbach absorption term is often employed to
address minor light absorption in the UV range, whereas it
fails to represent large and complex light absorption over a broad
range of wavelengths. Two common modeling approaches can be
adopted when analysing the ellipsometric data of light-absorbing
materials with unknown optical properties, i.e., oscillator models
and B-spline parametrization.31 The oscillator models are used to
describe the light absorption at different resonance frequencies
using mechanical resonance models, e.g. Gaussian or Tauc–
Lorentz oscillators.44,45 While B-spline function is not a ‘‘physical’’
model, it can still afford a smooth and continuous dispersion
curve with few free parameters.37 Considering the complex
chemical structure and light-absorbing nature of PDA, we
employed B-spline to parametrize the optical constants of
PDA and analyse the ellipsometric data. To eliminate the possible
non-physical results, only the imaginary part of the dielectric
function was parameterized by B-spline, while the real part was
calculated using the Kramers–Kronig relation. An optimized
resolution of 0.7 eV corresponding to 6 nodes was used.
B-spline parametrization of the optical functions of PDA provided
a nearly perfect match between the experimental and modelled
data over the entire range of wavelengths (Fig. S7 (ESI†), MSE =
5.4 � 1.3). Comparing the three modeling approaches, it is
evident that the optical model not only affects the fitting quality
and the estimated optical constants, but also greatly influences
the estimated thickness value. Accordingly, the estimated film
thicknesses are roughly 16, 19 and 22 nm from Cauchy, Cauchy
with Urbach term, and B-spline models, respectively. Therefore,
even if the optical dispersions of PDA are not of interest, a wrong
dispersion equation can provide an inaccurate estimation of the
coating thickness. The underestimated thickness from the Cauchy

Table 1 Atomic composition of the PDA coatings determined by XPS

Deposition time C 1s O 1s N 1s Si 2p

2 h 57.8 28.1 7.7 6.4
6 h 69.3 22.1 8.6 —
12 h 67.3 24.2 8.5 —

Fig. 2 Light transmittance as a function of wavelength for PDA film on
glass slide prepared with different deposition times: 2 h, 6 h, and 12 h.
The representative curve, out of 15 measurements, is provided for each
sample.
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model can be explained based on the strong correlation between
the thickness and optical constant (A from the Cauchy equation).
This can be perceived more clearly from Fig. 4 (panel a and b)
where the PDA optical dispersions obtained from the different
modeling approaches are compared (6 h deposition). Regarding
the Cauchy relation, the obtained dispersion for index of refraction
is around 2, which is considerably larger than the typical values for
organic materials (roughly between 1.4 to 1.75).46 This suggests the
thickness and optical constants are strongly correlated; hence, an
overestimated index of refraction and underestimated optical
thickness is found. Addition of the Urbach absorption term leads
to a downward shift in the index of refraction dispersion and an
extinction coefficient in the range of 0.1–0.25 (growing with a shift
towards the UV range) is found. Regarding B-spline modeling, the
index of refraction is shifted further down and a more complex
dispersion curve for the extinction coefficient is obtained.
In general, the extinction coefficient curve presents complex
absorption features and increases when moving to shorter
wavelengths reaching a value of around 0.15 to 0.25 in the UV
range. The index of refraction shows an anomalous dispersion

(n decreases towards shorter wavelengths, e.g., in 300–400 nm) and
varies roughly in the range of 1.6 to 1.7. Determination of the
optical dispersions of PDA is a challenge as discussed earlier.
A survey through the literature shows that the reported n and k for
PDA, melanin, and other catecholamine derivatives notably
depend on the material preparation and the measurement
method.9,47–53 For instance, Xiao et al.,51 Kawamura et al.,52 and
Stavenga et al.53 reported 1.7 o n o 1.8 for PDA and melanin
particles in the 400–800 nm region. Vega et al. reported a rather
constant value of B1.5 for PDA films in the 300–900 nm region.48

Li et al. reported n B1.7–1.85 with a dispersion shape similar to
our study in the 400–1000 nm region.47 Repenko et al. reported a
rather constant n B1.55 in the 400–800 nm region, which
increases to around 1.8 in the UV range. Akin et al. reported
n B 1.4–1.6 in the 200–1000 nm region, which decreases towards
shorter wavelengths.50 In general, the refractive index of PDA
seems to notably depend on its microstructure and particle shape/
size and thus the preparation method. On the other hand, the k
dispersion in this study and other literature reports are in good
agreement both in terms of the shape and the range of values.

Fig. 3 The measured c(l) and D(l) data together with the modelled c(l) and D(l). Three different optical models are used to describe the optical
dispersions of PDA, i.e., Cauchy with Urbach absorption term (2 h), Kramers–Kronig-consistent B-spline (6 h), and Kramers–Kronig-consistent B-spline
with roughness layer (12 h). The values of mean squared error (MSE) and film thickness (T) are provided for each modeling procedure. Film thickness
(bottom row) corresponds to the average of 15 ellipsometric measurements.
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As discussed regarding B-spline parameterization, one
should always minimize the number of nodes (and thus
free model parameters) to avoid overparameterization. We
performed a thorough sensitivity analysis of the modelled
thickness and optical dispersions against the number of nodes
(ESI,† Section S4). Herein, we briefly discuss how overparame-
terization can affect the modeling outcome and highlight the
importance of finding the minimum number of nodes. Fig. 4
(panel c) compares the modelled optical dispersions of the PDA
film (6 h deposition) using two different numbers of nodes, i.e.,
6 and 10 nodes. Accordingly, the number of nodes does not
affect the overall shape and values of the optical dispersions.
However, using 10 nodes produces small features and peaks in
the optical dispersions, which remain unknown to be the real
optical behaviour of PDA or merely modeling artefact. For this
reason, it is reasonable to choose only 6 nodes that can provide
smooth optical dispersions without overfitting.

For 12 h deposition (Fig. 3, right column), both Cauchy
(Fig. S8 (ESI†), MSE = 149.1) and Cauchy with Urbach term
(Fig. S9 (ESI†), MSE = 98.5) completely fail to match the
experimental data. B-spline parameterization provides a better
agreement between the experimental and modeling data
(Fig. S10 (ESI†), MSE = 12.6), yet the model cannot perfectly
match the data for short wavelengths. Considering the rather
long deposition time, the PDA film herein is expected to have a
relatively rough surface. Hence, an upper roughness layer,

modelled as a uniform mixture of PDA–air, is added on top of
the B-spline layer. The roughness layer improved the fitting of
optical dispersion (Fig. S11 (ESI†), MSE = 7.9 � 2.2). A roughness
value of around 10 � 2 nm is estimated from the model. We
also conducted a thorough sensitivity analysis of the model
parameters for this sample (ESI,† Section S4). Herein, we shortly
discuss the importance of analysis of the parameters uniqueness,
i.e., only one particular combination of the parameters provides a
good match between the model and the experimental data. Fig. 4
(panel d) depicts the two-parameter uniqueness chart for the
PDA film (12 h deposition). Herein, different combinations of
thickness–roughness values are characterized by their MSE value.
Accordingly, all thickness–roughness combinations provide large
MSE values, except a particular combination of thickness
(B45 nm)–roughness (B10 nm) that provides the smallest MSE
(red region in the chart). Hence, we can conclude that the
modeling outcome is unique. In order to validate the thickness
values estimated from ellipsometry, the thickness of the films was
also examined using AFM imaging. Fig. 5 shows the AFM topo-
graphy images together with the cross-section height profiles of
the scratched area of each PDA film. Overall, the estimated
thickness values from the two methods are in agreement
(Fig. 6), suggesting that the optimized optical models for each
PDA sample provided accurate estimates. The AFM data also
confirms that the roughness of the coatings increases with the
deposition time. It should be noted that the estimated roughness

Fig. 4 (a) and (b) Optical dispersions of PDA 6 h deposition sample obtained from different modeling approaches, (c) effect of number of B-spline nodes
on the modelled optical constants of PDA 6 h deposition sample, (d) two-parameter thickness–roughness uniqueness chart for PDA 12 h deposition
sample.
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(12 h deposition) from ellipsometry is comparable with the
calculated Rq roughness value obtained by AFM. It should be
considered, though, that while AFM measurements can supplement
the ellipsometry data in terms of constructing appropriate
optical models for relatively rough coatings, the roughness
values from the two methods are calculated differently and
have different mathematical meanings (ESI,† Section S5).

We have thus herein demonstrated that PDA films, depending
on the preparation condition, can have different optical behavior

and microstructure, e.g., surface roughness, which necessitate
rigorous modeling analysis and construction of exclusive optical
models for each PDA sample. The B-spline parameterization in
general provided reliable modeling outcome in terms of the film
thickness. In this regard, we also tested if fixing the optical
constants (using the values for PDA 6 h) can provide accurate
estimates of the film thickness (Fig. S12 and S13, ESI†). Regarding
the optical properties, we observed that the modelled k dispersion
remains almost the same for all the samples in terms of shape
and the range. Contrarily, n dispersion showed dependence on
the deposition time, i.e., while the overall shape remains the
same, n increases with deposition time. In this case, we cannot
certainly verify if this is due to a variation in the physicochemical
properties of PDA (e.g. variations in chemical composition and
particle size) or merely modeling artefact. To further investigate
this point (ESI,† Section S6), we used fixed PDA thickness in the
models (using the estimated values from AFM), leaving the optical
constants as the model variables. Similarly, it was found that the
dispersion shapes are almost independent of deposition time, but
n in particular increases with the deposition time. It should be
also noted that the investigated samples herein all possessed
relatively smooth surfaces (due to a rather short reaction time and
multistep preparation method). However, for PDA samples with
strong granular surface structure and (or) thickness nonunifor-
mity (relatively long deposition times),10,11 one must consider the
required nonideality corrections in the optical model. To verify if
the step-by-step modeling approach also works for the standard
PDA samples, we prepared a thicker and rougher PDA film
obtained by 24 h one-step deposition (ESI,† Section S7). It was
found that the modeling procedure is useful also for this sample;

Fig. 5 Representative AFM images and corresponding height profiles of PDA films on silicon wafer for 2 h (top row), 6 h (middle row) and 12 h (bottom
row) deposition times.

Fig. 6 Thickness of PDA films measured with AFM and ellipsometry. For
AFM thickness, 30 height profiles (3 images, 10 height profiles in each) were
examined. The ellipsometry thickness corresponds to 15 measurements.

This journal is the Owner Societies 2021 Phys. Chem. Chem. Phys., 2021, 23, 5516�5526 | 5523

Paper PCCP

View Article Online



however, extra consideration was needed to avoid correlation
between the parameters due to the uneven surface structure.
Last but not least, it should be noted that PDA coatings possess
a rather porous and heterogeneous internal structure.11 Accordingly,
while an isotropic uniform box model is generally used to
represent the film when modeling the ellipsometric data, a
PDA coating is more like a non-uniform mixture of PDA
particles and void, which can also demonstrate gradients of
particle size, particle chemistry, and particle volume content in
the vertical direction, all of which can affect the optical properties
measured by ellipsometry (in particular n). Therefore, the optical
dispersions obtained from the B-spline parameterization of the
PDA ellipsometric data are more correctly the ‘‘pseudo’’ optical
constants rather than the intrinsic properties of the material.

4. Summary and conclusion

In this study, we demonstrated that the light-absorbing nature
of PDA is an essential factor that must be considered when
assessing the ellipsometric data of such coatings. Accordingly,
the commonly but erroneously used Cauchy equation cannot
accurately describe the optical behavior of PDA. While addition
of the Urbach absorption term to the Cauchy model led to an
improved modeling quality, the more accurate representation
of the optical dispersion was obtained by a KK-consistent
B-spline model. Overall, a fallacious optical model not only
provides inaccurate and possibly non-physical optical dispersions
but also renders incorrect estimation of the film thickness.
Besides, an appropriate optical model solely cannot guarantee a
decent modeling quality and physically plausible solutions, but
extra care is needed for optimizing the number of free parameters
and assessing their cross-correlation. Finally, the rough and
porous structure of PDA coatings is a factor that may be con-
sidered in the optical model.
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S1. XPS data of PDA films: Figure S1 demonstrates the high resolution XPS spectra and peak deconvolution 

of C 1s, N 1s and O 1s of the PDA films (6 and 12 h). The estimated percentages of the functional groups of the 

PDA films (2, 6, and 12 h) are summarized in Table S1.  

 

 

Figure S1 High-resolution XPS spectra of C 1s, N 1s and O 1s of PDA films; (top row) 6 h deposition, (bottom row) 12 h 

deposition 

 

Table S1 XPS functional group percentages for PDA films of different deposition times 

 C 1s O 1s N 1s 

Deposition 
time 

CHx, C-NH2 C-O, C-N C=O COOH O=C O-C Oads =N-R R-NH-R R-NH2 

2 h 50.6 31.8 9.2 8.4 25.8 70.5 3.7 7.1 74.6 18.3 

6 h 53.6 30.9 9.3 6.2 36.5 60.6 2.9 6.3 80.5 13.2 

12 h 51.0 32.1 11.7 5.2 31.5 66.2 2.3 8.4 74.6 17.0 
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S2. Water contact angle of PDA films: The water contact angles of bare and PDA-coated silicon wafers were 

measured using Theta Lite optical tensiometer (Biolin Scientific, Sweden). Measurements were conducted using 

a 1.5 μl water droplet at ambient temperature. Figure S2 shows the representative contact angle (15 

measurements: 5 randomly chosen areas on 3 specimens) of PDA samples of different deposition times. 

 

  

Figure S2 Water contact angle of bare and PDA-coated silicon wafers; (a) bare wafer, (b) PDA 2 h, (c) PDA 6 h, and (d) PDA 

12 h deposition. The reported value represents the average of 15 data points.  

 

S3 Step-by-step modeling of the ellipsometry data: as discussed in the main manuscript, a step-by-step 

construction of an appropriate optical model is required for the ellipsometry analysis of PDA films, depending 

on various aspects of the film such as thickness, roughness, and light absorption. When constructing the optical 

model, one should always consider that the minimum number of “free” parameters in the model is desired, and 

that adding further free parameters to the model should significantly improve the quality of the fitting (as a rule 

of thumb: at least 20% reduction in MSE when a free parameter is added to the model). In the following, the 

step-by-step construction of the appropriate optical models for the PDA films of this study (in each case, the 

representative median sample from 15 data measurements) is provided in Figure S3-S11.  

We begin with the simplest optical model, i.e., Cauchy relation (2 free parameters: PDA film thickness (layer # 

3) and A of Cauchy), then advance the optical model to Cauchy with an Urbach absorption term (4 free 

parameters: PDA film thickness (layer # 3), A of Cauchy, amplitude and exponent of the Urbach relation), KK-

consistent B-spline (9 free parameters: PDA film thickness (layer # 3), 6 nodes, 2 KK-relation parameters), and 

ultimately KK-consistent B-spline with an EMA roughness layer (10 free parameters: PDA film thickness (layer # 

3), 6 nodes, 2 KK-relation parameters, thickness of the roughness layer).    
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Fit Results 
MSE = 37.783 
Thickness # 3 = 5.88 ± 0.107 nm 
A = 1.714 ± 0.0117 
Total Thickness = 107.80 ± 0.107 nm 
 

Optical Model 

 
 

 

 

Figure S3 PDA 2 h deposition, Cauchy model 

 

 

Fit Results 
MSE = 7.041 
Thickness # 3 = 6.50 ± 0.021 nm 
A = 1.655 ± 0.001984 
k Amplitude = 0.15071 ± 0.001020 
Exponent = 0.319 ± 0.007785 
Total Thickness = 108.43 ± 0.021 nm 
 

Optical Model 

 
 

 

 

Figure S4 PDA 2 h deposition, Cauchy with Urbach absorption model 
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Fit Results 
MSE = 101.135 (Out-Of-Spec) 
Thickness # 3 = 15.70 ± 0.227 nm 
A = 1.927 ± 0.0114 
Total Thickness = 119.08 ± 0.227 nm 
 

Optical Model 

 
 

 

 

Figure S5 PDA 6 h deposition, Cauchy model   

 
 

Fit Results 
MSE = 39.641 
Thickness # 3 = 18.75 ± 0.121 nm 
A = 1.791 ± 0.004675 
k Amplitude = 0.14243 ± 0.001384 
Exponent = 0.273 ± 0.007101 
Total Thickness = 122.13 ± 0.121 nm 
 

Optical Model 

 
 

 

 

Figure S6 PDA 6 h deposition, Cauchy with Urbach absorption model 
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Fit Results 
MSE = 5.550 
Thickness # 3 = 22.37 ± 0.038 nm 
E Inf = 1.330 ± 0.0109 
IR Amp = 0.557 ± 0.0115 
Total Thickness = 125.74 ± 0.038 nm 
 

Optical Model 

 
 

 

 

Figure S7 PDA 6 h deposition, KK-consistent B-spline model 

 

Fit Results 
MSE = 149.089 (Out-Of-Spec) 
Thickness # 3 = 34.28 ± 0.220 nm 
A = 1.970 ± 0.005785 
Total Thickness = 136.71 ± 0.220 nm 
 

Optical Model 

 
 

 

 

Figure S8 PDA 12 h deposition, Cauchy model 
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Fit Results 
MSE = 98.520 
Thickness # 3 = 37.55 ± 0.158 nm 
A = 1.888 ± 0.003644 
k Amplitude = 0.09725 ± 0.001561 
Exponent = 0.457 ± 0.0100 
Total Thickness = 139.98 ± 0.158 nm 
 

Optical Model 

 
 

 

 

Figure S9 PDA 12 h deposition, Cauchy with Urbach absorption model 

 

Fit Results 
MSE = 12.619 
Thickness # 3 = 48.70 ± 0.060 nm 
E Inf = 1.289 ± 0.008047 
IR Amp = 0.350 ± 0.008563 
Total Thickness = 151.14 ± 0.060 nm 
 

Optical Model 

 
 

 

 

Figure S10 PDA 12 h deposition, KK-consistent B-spline model 
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Fit Results 
MSE = 6.874 
Roughness = 10.42 ± 0.125 nm 
Thickness # 3 = 45.30 ± 0.052 nm 
E Inf = 1.184 ± 0.005049 
IR Amp = 0.163 ± 0.005700 
Total Thickness = 147.74 ± 0.052 nm 
 

Optical Model 

 
 

 

 

Figure S11 PDA 12 h deposition, KK-consistent B-spline with roughness model 

 

In addition, we tested an alternative approach to estimate the thickness of the films. Herein, the optical 

constants (from B-spline parametrization) of PDA 6 h sample were used to analyse the data for PDA 2 h and 12 

h samples. In this approach, the optical constants of the material are obtained from a “reference” sample that 

not only is relatively thick (i.e., not 2 h sample) but also is not too rough (i.e., not 12 h sample). Thus, one can 

argue that the modelled optical constants for the reference sample are the most trustable. Assuming that the 

optical constants of the material are the same for all the samples, one can use the “reference” optical constants 

to estimate the thickness of the other samples. Figure S12 summarizes the modeling data for PDA 2 h sample 

using this approach. An acceptable MSE value is found, also the estimated thickness agrees with Figure S4 (when 

using Cauchy with Urbach absorption, i.e., modeling both thickness and optical constants). Figure S13 shows the 

modeling data for PDA 12 h sample using the fixed optical constants. Herein, the modelled data doesn’t match 

the experimental data completely, i.e., MSE is notably large, compared with Figure S11 (when modeling both 

thickness and optical constants). Overall, while this approach is commonly used in the literature, the variable 

chemistry and microstructure of PDA films (depending on the deposition conditions) could contradict the 

assumption of having fixed optical constants for samples of varying thicknesses.  
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Fit Results 
MSE = 7.379 
Thickness # 3 = 6.41 ± 0.005 nm 
Total Thickness = 108.34 ± 0.005 nm 
 

Optical Model 

 
 

 

 

Figure S12 PDA 2 h deposition, fixed (tabulated) optical constants of PDA 6 h used in the model, leaving thickness as the 

only free parameter 

 

Fit Results 
MSE = 45.250 
Roughness = -0.47 ± 0.411 nm 
Thickness # 3 = 50.62 ± 0.038 nm 
Total Thickness = 153.05 ± 0.038 nm 
 

Optical Model 

 
 

 

 

Figure S13 PDA 12 h deposition, fixed (tabulated) optical constants of PDA 6 h used in the model, leaving thickness as the 

only free parameter 

 

S4. Sensitivity analysis for the B-spline function (PDA 6 h and 12 h): as discussed in the main article, 

optimizing the number of nodes of the B-spline function is crucial to avoid over-parametrization and correlation 

between the free parameters. Herein, we provide a detailed sensitivity analysis for the PDA films modelled with 

the B-spline function. Figure S14 demonstrates the MSE as a function of number of nodes (left panel) as well the 

film thickness (right panel) for PDA 6 h sample. Herein, increasing the number of nodes has a minor effect on 

both MSE value and the film thickness. The former suggests that MSE value is not an appropriate parameter to 

decide on the minimum number of nodes. The later however suggests that thickness of the film is roughly around 

22 nm regardless of the number of nodes (i.e., thickness is not sensitive to the number of nodes). Figure S15 
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shows the diagram of nodes (for the dielectric functions) for various numbers of nodes (4 to 19). Herein, one 

requires a minimum number of nodes so that the spline e2 (imaginary part of the dielectric function) curve goes 

through the free nodes (in the range of 1.2 – 5.3 eV), without showing small features in the dispersion 

(forcefitting, risk of overparameterization). Thus, Figure S15 suggests that a total number of 6-7 nodes can 

provide a smooth spline e2 curve without overparameterization (see the plot for 10 nodes as an example of 

overparameterization). A similar deduction can be made from Figure S16, in which the n and k dispersions are 

plotted for different numbers of nodes. Accordingly, the overall shapes of n and k dispersions are independent 

of the number of nodes. Besides, the range of n and k are roughly 1.6-1.7 and 0-0.25 regardless of the number 

of nodes. Nevertheless, when the number of nodes is roughly larger than 6, extra features, i.e., wiggles in n and 

peaks in k, appear in the optical dispersions, which are unknown to be a physical feature of the sample or simply 

just due to overfitting. Hence, based on Figure S14-S16, we conclude that merely 6 nodes are enough in this 

case to obtain a reliable thickness value using the least number of free parameters in the model.  

 

Figure S14 PDA 6 h deposition: sensitivity analysis for the number of nodes of the B-spline function (left) MSE vs. # nodes 

and (right) thickness vs. # nodes     
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Figure S15 PDA 6 h deposition: sensitivity analysis for the number of nodes of the B-spline function; diagram of the nodes as 

a function of the number of nodes (4 to 19 nodes) 
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Figure S16 PDA 6 h deposition: sensitivity analysis for the number of nodes of the B-spline function; n and k dispersions as a 

function of the number of nodes (4 to 19 nodes) 

Table S2 demonstrates the correlation matrix for the representative PDA 6 h sample. Herein, the larger the 

values (closer to 1) the more correlated the model parameters are. As a rule of thumb, a correlation value > 0.9 

suggests that the two corresponding parameters are strongly correlated. Herein, none of the free parameters 

show strong correlation with each other. Noteworthy, the three outlier nodes of the KK-consistent B-spline, i.e., 

spline_e2(1.041), spline_e2(5.539), and spline_e2(6.039), do not show correlation with other parameters unlike 

what is typically observed. Figure S17, in which MSE is plotted against thickness, also suggests uniqueness of the 

estimated film thickness in the range of 15-30 nm. Finally, Table S3 summarizes the modeling outcome for all 

studied PDA 6 h samples (15 measurement data) using 6 nodes. Herein, the thickness value shows a narrow 

standard deviation that suggests not only the uniformity of the film structure, but also that the modeling 

outcome is not model-dependent and is reliable.             
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Table S2 PDA 6 h deposition: correlation matrix for KK-consistent B-spline mode (6 nodes)   

 Thickn
ess # 3 

E Inf 
IR 

Amp 

spline
_e2(1.
041) 

spline
_e2(5.
539) 

spline
_e2(6.
039) 

spline
_e2(1.
241) 

spline
_e2(2.
000) 

spline
_e2(2.
760) 

spline
_e2(3.
520) 

spline
_e2(4.
280) 

spline
_e2(5.
039) 

Thickness # 3 1.000 0.596 0.268 0.132 0.469 -0.718 0.203 -0.479 0.148 -0.611 -0.491 -0.430 

E Inf 0.596 1.000 0.716 -0.196 0.811 -0.957 0.352 -0.340 0.012 -0.648 -0.212 -0.728 

IR Amp 0.268 0.716 1.000 -0.712 0.436 -0.566 0.467 -0.255 0.077 -0.362 -0.095 -0.408 

spline_e2(1.041) 0.132 -0.196 -0.712 1.000 -0.090 0.081 -0.587 0.322 -0.285 0.087 -0.140 0.101 

spline_e2(5.539) 0.469 0.811 0.436 -0.090 1.000 -0.895 0.274 -0.340 0.136 -0.592 0.151 -0.897 

spline_e2(6.039) -0.718 -0.957 -0.566 0.081 -0.895 1.000 -0.318 0.413 -0.091 0.687 0.192 0.792 

spline_e2(1.241) 0.203 0.352 0.467 -0.587 0.274 -0.318 1.000 -0.794 0.564 -0.408 0.044 -0.282 

spline_e2(2.000) -0.479 -0.340 -0.255 0.322 -0.340 0.413 -0.794 1.000 -0.763 0.611 0.046 0.351 

spline_e2(2.760) 0.148 0.012 0.077 -0.285 0.136 -0.091 0.564 -0.763 1.000 -0.479 0.193 -0.180 

spline_e2(3.520) -0.611 -0.648 -0.362 0.087 -0.592 0.687 -0.408 0.611 -0.479 1.000 -0.090 0.632 

spline_e2(4.280) -0.491 -0.212 -0.095 -0.140 0.151 0.192 0.044 0.046 0.193 -0.090 1.000 -0.299 

spline_e2(5.039) -0.430 -0.728 -0.408 0.101 -0.897 0.792 -0.282 0.351 -0.180 0.632 -0.299 1.000 

 

Figure S17 PDA 6 h deposition: thickness uniqueness analysis for 6 nodes 

Table S3 PDA 6 h deposition: summary of the modeling results 

Sample no. MSE Thickness # 3 (nm) E Inf IR Amp 

1 7.668 23.52 1.280 0.535 

2 6.133 21.61 1.254 0.513 

3 4.859 21.71 1.291 0.514 

4 5.550 22.37 1.330 0.557 

5 5.462 20.91 1.311 0.582 

6 8.163 22.99 1.243 0.507 

7 4.429 21.95 1.261 0.463 

8 4.493 22.15 1.270 0.465 

9 4.278 19.51 1.296 0.533 

10 4.557 21.03 1.302 0.520 

11 7.161 23.08 1.241 0.473 

12 4.511 22.82 1.259 0.443 

13 4.708 23.78 1.261 0.430 

14 4.843 24.19 1.263 0.435 

15 4.659 21.99 1.295 0.497 

Average 5.43151 22.241 1.27713 0.49784 

Std. Dev. 1.27015 1.224 0.02627 0.04545 

The sensitivity analysis was also performed for the PDA 12 h sample. Similarly, it was found the number of nodes 

has little effect on MSE and estimated thickness, and 6 nodes were enough to obtain a smooth e2 spline function, 

as well as n and k dispersions. However, we herein have an additional free parameter, i.e., thickness of the 

roughness layer. Thus, we performed sensitivity analysis in terms of the correlation between the film thickness 

and the film roughness. Figure S18 depicts the 2-parameter uniqueness chart where MSE is calculated for various 

combinations of thickness and roughness values. The areas indicated in red represent the smallest MSE values 
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(best match between the modelled and the experimental data). The left panel shows a larger range of values for 

thickness and roughness. Accordingly, a combination of thickness (~ 40-50 nm) and roughness (~ 0-20 nm) is the 

only combination that provides small MSE values. The right panel shows a higher resolution (smaller range of 

MSE values) chart for this combination. Accordingly, the modeling outcome (thickness ~ 45 nm and roughness ~ 

10 nm) is unique and other thickness/roughness combinations yield excessively larger MSE values. Finally, Table 

S4 summarizes the modeling outcome for all the studied PDA 12 h samples. Again, the thickness value shows a 

relatively narrow standard deviation that affirms reliable modeling outcome. 

 

Figure S18 PDA 12 h deposition: thickness-roughness uniqueness analysis for 6 nodes (the panel on the right shows the 

chart with MSE values of 6-24) 

Table S4 PDA 12 h deposition: summary of the modeling results   

 MSE Roughness (nm) Thickness # 3 (nm) E Inf IR Amp 

1 11.450 9.54 46.62 1.213 0.208 

2 6.874 10.42 45.30 1.184 0.163 

3 6.314 9.86 44.31 1.186 0.166 

4 5.342 8.61 43.08 1.189 0.166 

5 5.779 8.38 38.98 1.216 0.193 

6 10.088 8.37 48.26 1.191 0.180 

7 6.634 9.28 46.39 1.177 0.160 

8 7.865 12.27 46.38 1.177 0.156 

9 7.494 12.41 45.44 1.184 0.159 

10 5.777 8.87 44.39 1.186 0.162 

11 12.009 8.22 44.27 1.206 0.221 

12 6.850 8.64 42.83 1.182 0.177 

13 6.330 10.16 42.31 1.184 0.164 

14 9.325 14.65 41.73 1.190 0.159 

15 10.418 15.55 41.32 1.203 0.180 

Average 7.90334 10.347 44.108 1.19104 0.17423 

Std. Dev. 2.18922 2.331 2.433 0.01245 0.01938 

 

S5. Roughness from Ellipsometry: we have here used the simplest approach (50:50 model) to implement a 

roughness layer into the optical model. As shown in Figure S19, a rough film is considered as a bilayer, i.e., a 

homogenous layer at the bottom and a layer comprising 50:50 mixture of material/void on top. The optical 

dispersions of the roughness layer are then described using an effective medium approximation (EMA) equation. 

The thickness of the EMA layer is then a “free” parameter in the model and is considered as the ellipsometry 

roughness. Thus, the optical constants of the material (when unknown, free parameters) vary in two layers, 

which may cause correlation between the parameters of the two layers as well as the modelled optical 

constants.  In this study, we assessed merely if having a “roughness” layer can improve the quality of the 

modeling. Accordingly, it was found that for PDA films obtained by relatively long deposition times, having an 

EMA roughness layer improves the quality of the model. Nevertheless, a more accurate description of the PDA 

films roughness for ellipsometry modeling requires careful analysis of the roughness profiles of PDA films in 

different length scales and then obtaining the corresponding void profile in the vertical direction (Z axis). Such 

realistic profiles may then be used for the EMA model (instead of 50:50 assumption). Such analysis would be 
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more trustable if the optical constants of the material are known or at least a simple dispersion equation (e.g., 

transparent Cauchy equation) is required to model the optical behaviour. Considering the unknown and complex 

optical dispersion of PDA and its variable roughness in different length scales, determination of the correlation 

between the ellipsometry-AFM roughness values remains a challenge and needs further investigation.         

 

Figure S19 Ellipsometry roughness using 50:50 effective medium approximation (EMA)  

 

S6. Optical dispersions of PDA films (2, 6, and 12 h): while spectroscopic ellipsometry cannot always be an 

accurate way of measuring the optical dispersions (when both thickness and optical dispersions of the material 

are unknown), it may provide an overall picture of the optical behaviour if the model is not overparameterized 

and the modeling outcome is unique (Figure S20). Regarding the PDA 2 h sample (left panel), the choice of model 

obviously affects the dispersion shape, but also the ranges of values (in particular n) are affected. In this case, 

since the film thickness is ≤ 10 nm, using a B-spline model is not favourable to estimate the film thickness due 

to the higher number of free parameters. Nevertheless, the B-spline model provides n and k dispersion shapes 

that are like those of 6 h and 12 h samples. Comparing the optical dispersions of all the samples (right panel), 

we can suggest that the overall shape of the dispersions (n relatively featureless at large wavelengths, decreasing 

in the UV range) is similar for all samples and could be the physical behaviour of PDA. However, the absolute 

values of the optical constants seem to depend on the deposition time (in particular n dispersion is shifted 

upwards with deposition time), which could be due to both the time-dependent physicochemical properties of 

the material and some degree of correlation between the model parameters.     

 

Figure S20 n (top row) and k (bottom row) dispersions obtained from the modeling of the ellipsometry data: (left) 2 h PDA 

sample modelled by Cauchy with the Urbach absorption term and KK-consistent B-spline with 4 nodes, (right) all samples 

modelled with KK-consistent B-spline without (2 h, 6 h, and 12 h PDA) or with roughness (12 h PDA) .     
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To see if we could more accurately estimate the optical dispersions of PDA using ellipsometry, we tried fixing 

the film thickness in the model, thus only having the B-spline parameters as the free model parameters. Herein, 

the average thickness values estimated from AFM were used. Figure S21 displays the optical dispersions 

obtained from this modeling approach. The overall shape of the dispersions is similar to those in Figure S20, 

suggesting that the overall shape of the dispersions represent PDA optical behavior. Similarly, it is also found 

that n dispersion shows a shift to higher values with the deposition time, which can be an indication of the 

variable physicochemical/optical properties of PDA (considering that the thickness is fixed in the model). Unlike 

Figure S20, it is herein found that k values seem to be slightly dependent on the deposition time.    

 

Figure S21 optical dispersions of PDA films obtained by B-spline model using fixed thickness values (from AFM) 

 

S7. Step-by-step modeling approach for a PDA film obtained using the standard one-step deposition 

procedure: As discussed in the main article, the PDA films studied herein were all obtained using a multi-step 

deposition method to minimize the surface roughness/thickness ratio of the films and thus improve the quality 

of the ellipsometry data. To test if the step-by-step modeling approach is valid for PDA films obtained through 

the standard one-step deposition, we herein prepared a PDA film by 24 h one-step deposition as a model sample 

for thick and rough PDA films.  

Figure S22-S25 summarize the modeling outcome for the following step-by-step model construction: Cauchy 

relation (2 free parameters: PDA film thickness (layer # 3) and A of Cauchy), Cauchy with an Urbach absorption 

term (4 free parameters: PDA film thickness (layer # 3), A of Cauchy, amplitude and exponent of the Urbach 

relation), KK-consistent B-spline (9 free parameters: PDA film thickness (layer # 3), 6 nodes, 2 KK-relation 

parameters), and ultimately KK-consistent B-spline with a EMA roughness layer (10 free parameters: PDA film 

thickness (layer # 3), 6 nodes, 2 KK-relation parameters, thickness of the roughness layer). The KK-consistent B-

spline function with a roughness layer can provide a satisfactory match with the experimental data suggesting 

applicability of the modeling approach for studying thick/rough PDA films. However, it should be noted that the 

excessive surface roughness/heterogeneity herein seem to promote some degree of correlation between the 

estimated thickness and roughness values.  

Figure S26 depicts the 2-parameter thickness-roughness uniqueness chart. Herein, it can be seen that the 

mathematical model can yield two solutions that both satisfactorily match the experimental data (MSE ~ 25 nm): 

(i) a film with a thickness ~ 50-55 nm and roughness ~ 20-25 nm and (ii) a film with a thickness ~ 30-35 nm and 

roughness ~ 45-50 nm. While both solutions match the experimental data, in this case, one can safely choose 

the former modeling outcome as the second solution represents a layer with a roughness much larger than the 

film thickness. Regardless, this observation suggests that excessively rough and heterogeneous PDA films require 

more in-depth modeling and more importantly verification with another thickness/roughness analysis method, 

e.g., AFM imaging (Figure S27: representative AFM height image/height profile of a scratched 24 h one-step 

deposited PDA). The model parameters do not show any significant degree of correlation as shown in Table S5.   
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Fit Results 
MSE = 176.220 (Out-Of-Spec) 
Thickness # 3 = 45.95 ± 0.246 nm 
A = 1.931 ± 0.004978 
Total Thickness = 148.92 ± 0.246 nm 

 

Optical Model 

 
 

 

 

Figure S22 PDA 24 h one-step deposition, Cauchy model 

 
Fit Results 
MSE = 135.572 (Out-Of-Spec) 
Thickness # 3 = 47.50 ± 0.191 nm 
A = 1.897 ± 0.003765 
k Amplitude = 0.07846 ± 0.002397 
Exponent = 0.688 ± 0.0215 
Total Thickness = 150.47 ± 0.191 nm 

 

Optical Model 

 
 

 

Figure S23 PDA 24 h one-step deposition, Cauchy with Urbach absorption model 
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Fit Results 
MSE = 41.522 
Thickness # 3 = 61.70 ± 0.193 nm 
E Inf = 1.670 ± 0.0271 
IR Amp = 0.541 ± 0.0244 
Total Thickness = 164.67 ± 0.193 nm 

 

Optical Model 

 
 

 

Figure S24 PDA 24 h one-step deposition, KK-consistent B-spline model 

 
Fit Results 
MSE = 25.022 
Roughness = 27.17 ± 0.357 nm 
Thickness # 3 = 52.63 ± 0.201 nm 
E Inf = 1.158 ± 0.0228 
IR Amp = 0.111 ± 0.0191 
Total Thickness = 155.60 ± 0.201 nm 

 

Optical Model 

 

 

Figure S25 PDA 24 h one-step deposition, KK-consistent B-spline with roughness layer model 
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Figure S26 PDA 24 h one-pot deposition: thickness-roughness uniqueness analysis for 6 nodes, (the panel on the right 

shows the chart with MSE values of 24-45) 

 

Figure S27 Representative AFM height image/profile of the scratched area of PDA 24 h one-step deposition, estimated 

thickness = 57.8 ± 4.3 nm estimated roughness (Rq) = 40.0 ± 8.5 nm.  

 

Table S5 PDA 24 h one-step deposition: correlation matrix for KK-consistent B-spline with roughness model    

 Roughne
ss 

Thicknes
s # 3 

E Inf IR Amp 
spline_e
2(1.041) 

spline_e
2(5.539) 

spline_e
2(6.039) 

spline_e
2(1.241) 

spline_e
2(2.000) 

spline_e
2(2.760) 

spline_e
2(3.520) 

spline_e
2(4.280) 

spline_e
2(5.039) 

Roughne
ss 

1.000 -0.812 -0.571 -0.444 -0.085 -0.515 0.723 -0.148 0.143 0.324 -0.032 0.728 0.611 

Thicknes
s # 3 

-0.812 1.000 0.477 0.237 0.302 0.630 -0.780 0.011 0.048 -0.540 0.085 -0.588 -0.754 

E Inf -0.571 0.477 1.000 0.784 -0.206 0.769 -0.893 0.411 -0.338 -0.119 -0.433 -0.227 -0.634 

IR Amp -0.444 0.237 0.784 1.000 -0.627 0.423 -0.567 0.699 -0.381 0.136 -0.279 -0.173 -0.381 

spline_e
2(1.041) 

-0.085 0.302 -0.206 -0.627 1.000 0.051 -0.041 -0.856 0.555 -0.489 0.251 -0.170 -0.107 

spline_e
2(5.539) 

-0.515 0.630 0.769 0.423 0.051 1.000 -0.911 0.193 -0.164 -0.235 -0.357 -0.083 -0.835 

spline_e
2(6.039) 

0.723 -0.780 -0.893 -0.567 -0.041 -0.911 1.000 -0.243 0.192 0.329 0.288 0.366 0.810 

spline_e
2(1.241) 

-0.148 0.011 0.411 0.699 -0.856 0.193 -0.243 1.000 -0.725 0.424 -0.317 0.045 -0.172 

spline_e
2(2.000) 

0.143 0.048 -0.338 -0.381 0.555 -0.164 0.192 -0.725 1.000 -0.592 0.434 -0.080 0.143 

spline_e
2(2.760) 

0.324 -0.540 -0.119 0.136 -0.489 -0.235 0.329 0.424 -0.592 1.000 -0.494 0.421 0.269 

spline_e
2(3.520) 

-0.032 0.085 -0.433 -0.279 0.251 -0.357 0.288 -0.317 0.434 -0.494 1.000 -0.504 0.369 

spline_e
2(4.280) 

0.728 -0.588 -0.227 -0.173 -0.170 -0.083 0.366 0.045 -0.080 0.421 -0.504 1.000 0.058 

spline_e
2(5.039) 

0.611 -0.754 -0.634 -0.381 -0.107 -0.835 0.810 -0.172 0.143 0.269 0.369 0.058 1.000 
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Table S6 summarizes the modeling outcome for all the studied 24 h one-pot PDA samples. Herein, the estimated 

film thickness shows relatively narrow standard deviation, suggesting reliability of the modeling procedure and 

output. However, the estimated roughness value (27.8 ± 8.9 nm) demonstrates a relatively larger standard 

deviation, which could be either due to heterogeneity of the PDA film surface or some degree of correlation 

between the roughness and other model parameters. According to AFM images, the film has a Rq roughness of 

40.0 ± 8.5 nm. Thus, while the large standard deviation can be attributed to the heterogeneous surface structure, 

it appears that the estimated roughness from ellipsometry is relatively smaller than what is estimated by AFM.   

Interestingly, plotting the obtained n and k dispersions (Figure S28) for all 15 measurement data renders two 

types of dispersions: (i) a smaller population with relatively smaller roughness/MSE and (ii) a larger population 

with relatively larger roughness/MSE. The former group are characterized by optical dispersions that are more 

consistent, are closer to the range of values of optical constants of organic materials and show smoother 

dispersions. The optical dispersions of the latter group, however, demonstrate excessive sample-dependence, 

are relatively larger than the expected values for organic materials, and finally show various features in the 

dispersion (could suggest parameter correlation). This observation again suggests that PDA films, in particular 

those with excessive surface heterogeneity and roughness, need a careful optical modeling.                

Table S6 PDA 24 h one-pot deposition: summary of the modeling results  

 MSE Roughness (nm) Thickness # 3 (nm) E Inf IR Amp 

1 34.092 33.74 54.88 1.236 0.212 

2 31.116 32.55 52.95 1.107 0.117 

3 26.670 26.33 55.95 1.066 0.0721 

4 28.776 29.24 58.12 1.003 0.0408 

5 42.483 37.71 53.29 1.006 0.193 

6 25.022 27.17 52.63 1.158 0.111 

7 17.452 18.53 54.69 1.145 0.119 

8 15.778 15.52 55.52 1.144 0.123 

9 14.703 13.22 57.10 1.144 0.125 

10 20.716 17.55 57.87 1.110 0.100 

11 37.197 35.70 51.95 1.104 0.166 

12 31.736 32.89 53.91 1.068 0.0918 

13 32.271 31.75 54.34 1.080 0.0993 

14 38.549 35.68 54.45 0.904 0.0411 

15 30.935 29.49 55.38 1.085 0.0873 

Average 28.49971 27.805 54.869 1.09063 0.11325 

Std. Dev. 8.41440 7.945 1.843 0.07841 0.04847 
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Figure S28 PDA 24 h one-step deposition: n and k dispersions obtained from the KK-consistent B-spline model with a 

roughness layer (15 samples) 
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Dopamine-assisted Layer-By-Layer Deposition Providing Coatings with Controlled 

Microstructure and Physicochemical Properties

Runtian Qie, Saeed Zajforoushan Moghaddam, Esben Thormann*

Department of Chemistry, Technical University of Denmark, 2800 Kgs. Lyngby, Denmark

Abstract. In this study, dopamine-assisted deposition combined with layer-by-layer assembly was 

investigated as an efficient method of preparing coatings with tunable microstructure and 

functional properties. Herein, one can first benefit from the versatile chemistry of dopamine 

allowing co-deposition of various functional materials, e.g., polymers, ions, and nanoparticles, 

within the coating. More importantly, the layer-by-layer approach allows tuning the coating 

thickness and surface morphology, as well as varying the chemical composition of the coating in 

the  vertical direction.  

Keywords: polydopamine, layer-by-layer assembly, coating, microstructure, physicochemical 

properties 
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1 Introduction 

Since the first report, in 2007, on the formation of polydopamine (PDA) coatings through self-

polymerization in aqueous solutions, it has developed into a promising coating method owing to 

its simplicity and versatility.1,2 Dopamine (DA) is a catecholamine that can be oxidized into 

dopamine-quinone, followed by intramolecular cyclization, oxidation to dopaminechrome, 

formation of 5,6-dihydroxyindole (DHI), and further oxidation to 5,6-indolequinone (IDQ). These 

oligomers then undergo various covalent and non-covalent pathways self-assembling into 

supramolecular PDA structures in solution and at the surface.3–5 Due to the highly reactive nature 

of these intermediate compounds, DA can also be co-deposited with various materials including 

polymers,6–10 nanoparticles,6,11 and metal ions,12–14 whereby hybrid coatings with desired 

functionalities can be prepared. Despite the many benefits, preparing PDA-based coatings has 

challenges in controlling the coating growth and surface morphology. For example, the thickness 

of pure PDA coatings is usually limited to ~ 50-100 nm due to the consumption of DA in the 

solution.15–17 Moreover, the surface roughness of PDA coatings drastically increases with the 

deposition time due to aggregation, both in solution and at the surface.18,19 

More than a decade before the rise of studies on PDA coatings, the Layer-by-Layer (LbL) 

deposition method for the preparation of polyelectrolyte multilayer films was introduced as 

another versatile coating method. In the original approach, multilayer films are formed by 

alternating deposition of oppositely charged polyelectrolytes (electrostatically driven assembly), 

whereby the coating properties can be tuned by the choice of polymers, the number of depositions, 

and pH/ionic strength.20,21 Later, the LbL process has been extended to include not only 

polyelectrolytes but also combinations of polyelectrolytes, nanoparticles, and lipids.22–24 While 

other molecular interactions such as hydrogen bonding can also drive LbL assembly,25,26 the 
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electrostatically driven assembly is still the most effective and used approach. Thus, despite the 

many advantages of the LbL method, the need for oppositely charged polymers is a limitation.         

Considering the pros and cons of (i) DA-based deposition and (ii) LbL assembly of polyelectrolyte 

multilayers, a natural next step is to combine these methods to gain better control of the hierarchal 

structure of the coating, as one has in the LbL process, while benefiting from the compositional 

tunability found in DA-based coatings. For pure PDA coatings, Ball et al. have reported a LbL 

approach, where a surface repeatedly was immersed in a fresh DA solution.15,27 By doing so, they 

were able to extend the coating thickness beyond what is typically obtained, but a natural thought 

is that such a LbL approach should also affect the morphology of the PDA coatings. As the first 

part of our study, we thus extended this investigation into a study on both the growth rate and the 

surface morphology of PDA coatings fabricated with the LbL method. Few studies adopted a LbL 

approach to form multilayers of PDA and polymers/nanoparticles.28–31 This method is generally 

executed by alternate adsorption of polymers/nanoparticles and PDA, whereby PDA layers 

practically work as a “glue” between the layers of polymers/nanoparticles. However, the LbL 

approach has been rarely combined with the elegant co-deposition approach for the formation of 

PDA-hybrid coatings. In the second part of our study, we thus investigated if co-deposition and 

LbL methods together can provide better control of the growth of PDA/polymer hybrid coatings. 

Specifically, we examined PDA-polyethyleneimine (PEI) hybrid films, where the assembly is 

driven by covalent PDA-polymer interactions, and PDA-dextran hybrid films, where the assembly 

is driven by noncovalent hydrogen bonding. 

Besides the possibility for better control of the microstructure, the most promising perspective of 

DA-assisted LbL deposition is the possibility of constructing hierarchically layered coatings by 

sequential deposition of layers with different compositions and functionalities. For polyelectrolyte 
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multilayer films, this has for example been done by adding a specific initial layer to promote 

adhesion of the coating to the substrate,32 or by adding a specific top layer to tune the surface 

properties.33 As the third part of this study, we thus prepared a multilayer coating through DA-

assisted deposition of polymers, nanoparticles, and ions using the LbL approach. Herein, it was 

demonstrated that DA-assisted deposition combined with the LbL approach enable the preparation 

of diverse hierarchal structures with tunable properties in bulk and at the surface of the coating.

2 Experimental Section

2.1 Materials 

DA hydrochloride and tris(hydroxymethyl)aminomethane (>99.9%), PEI (branched, Mw ≈ 600), 

tetraethyl orthosilicate (TEOS), copper sulfate pentahydrate (CuSO4⸱5H2O), dextran (Mw ~ 

150000 from Leuconostoc mesenteroides), and sodium hydroxide were purchased from Sigma-

Aldrich. Hydrochloric acid (HCl, 37%) was purchased from Fisher Scientific. Ultrapure water 

(Arium Pro UV water purification system) with a resistivity of 18.2 MΩ cm was used for all 

experiments. 

2.2 PDA Coatings 

Silicon wafers (WaferNet, San Jose, USA) were first rinsed with acetone, ethanol, and ultrapure 

water, then dried by a stream of compressed dry air. The wafers were next plasma cleaned (PDC-

32G plasma cleaner, Harrick Plasma) using high power under a constant water vapor pressure of 

500 mTorr for 30 s. The thickness of the silica layer was then measured by spectroscopic 

ellipsometry. DA was dissolved in Tris buffer solution (pH = 8.5, 50 mM) and the silicon wafers 

were immersed in the DA solution (2 mg mL-1) and stirred at 250 rpm. To keep the individual 

sample surfaces fixed and vertically aligned, the wafers were mounted into a costume-made Teflon 
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holder (Supporting Information, S1). Coatings were deposited using the common one-step method 

or the LbL approach. In the former, the silicon wafers were immersed in the DA solution for a 

certain duration. Afterward, the silicon wafer was removed from the solution, rinsed with Tris 

buffer, sonicated in fresh Tris buffer for 1 min, and dried by compressed airflow. This cleaning 

procedure was repeated three times to ensure the removal of weakly attached PDA aggregates. In 

the LbL approach, the DA solution was exchanged with a fresh solution every 2 h. For instance, a 

total deposition time of 12 h comprises 6 × 2 h deposition steps. Between each deposition step, the 

samples were sonicated and dried as described above. Three replicas were prepared for each 

sample. Additionally, coatings were also obtained by 2 × 6 h depositions and a 12 h one-step 

deposition (Supporting Information, S2). 

2.3 PDA-Dextran and PDA-PEI Coatings 

A mixed solution of dextran (10 mg mL-1) and DA (2 mg mL-1) was prepared in Tris buffer. One-

step and LbL deposition methods were then used to prepare PDA-dextran hybrid coatings.  PDA-

PEI hybrid coatings were deposited similarly using PEI and DA concentrations of 0.2 and 2 mg 

mL-1, respectively.

2.4 PDA-based Hierarchical Coating 

The LbL procedure consisted of five steps, where in each step a layer with specific composition 

was deposited. The silica wafer was immersed in DA (2 mg mL-1), DA-PEI (2 and 0.2 mg mL-1),18 

(DA-TEOS 2 and 42 mg mL-1),11 DA-CuSO4.5H2O (2 and 0.3 mg mL-1),34 and DA-dextran (2 and 

10 mg mL-1),35 respectively. Each deposition step was 2 h, and between the steps, the samples 

were sonicated and dried as described above.

2.5. Atomic Force Microscopy (AFM) 
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AFM (NanoWizard 3, JPK Instruments AG, Berlin, Germany) operating in tapping mode in air 

was used to obtain topographical images and to estimate the thickness of the coatings (scratching 

test). The topographical images were collected with a scan rate of 0.2 Hz, a pixel resolution of 128 

× 128, scan area of 10 × 10 μm2, and a standard tapping mode cantilever (HQ: NSC5/AL BS, tip 

radius of 8 nm, k = 40 N/m, Mikromasch, USA). For each sample, a total number of nine AFM 

height images (three randomly-selected areas on three replicas) were obtained. Root mean square 

roughness (Rq) was next calculated from the AFM images using the standard software of the 

instrument (JPK SPM Data Processing). To reduce the influence of error from the randomly chosen 

surface positions, the smallest and largest values of the roughness were eliminated, and the 

reported Rq values are thus the average of seven values for each sample. For the thickness 

evaluation, the coatings were carefully scratched using a tweezer and AFM images were collected 

over the scratched area (scan rate of 0.1 Hz). 

2.6. Spectroscopic Ellipsometry

Spectroscopic ellipsometry (M-2000X, J.A. Woollam Co., Inc.) measurements were performed to 

assess the thickness and optical properties of the coatings. The ellipsometric ψ (amplitude ratio) 

and Δ (phase shift) were collected in air in the wavelength range of 245–1000 nm at 5 different 

angles of incidence (50, 55, 60, 65, 70°). For each sample, a total number of 15 measurements 

(five randomly-selected spots on three replicas) were conducted. Depending on the deposition 

time, different optical models were used to describe the optical behavior of the coatings,36 namely 

Cauchy with Urbach absorption for short depositions, B-spline for intermediate depositions, and 

B-spline with roughness layer for long depositions (Supporting Information, S3)

2.7 X-ray photoelectron spectroscopy (XPS) 
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To analyse the chemical composition of the PDA-based coatings, angle-resolved XPS (Nexsa, 

Thermo Fisher Scientific, USA) measurements were performed with a monochromated Al K-alpha 

source (1486.6 eV) and a flood gun for charge compensation. For each sample, 3 randomly points 

were characterized and analyzed using Avantages software.

2.8 Zeta-potential

Zeta potential (SurPASS3, Anton Paar GmbH, Austria) measurements were conducted to evaluate 

the charging behavior of films. Two samples (2 × 1 cm) were mounted into the instrument flow 

cell separated by a 100 ± 5 μm capillary channel. The solution (1 mM NaCl) was pumped through 

the capillary channel between the two samples, producing a linearly decreasing measurement 

pressure (600 to 400 mbar). The measurements were conducted in two pH conditions (3 and 9). 

To ensure the reliability of the data, the measurements were repeated five times in each condition.

3. Results

3.1 LbL Deposition of PDA

PDA coatings were constructed using the LbL approach to investigate how it can provide control 

of the growth rate and the morphology of the coatings. To do so, the substrate was immersed in a 

fresh DA solution for 2 h, rinsed to remove the loosely bound aggregates, and then immersed in a 

fresh DA solution. This cyclic process was repeated several times to obtain coatings of varying 

thicknesses. In Fig. 1a,b, the thickness of the coatings, obtained by ellipsometry, and the surface 

roughness, Rq, of the coatings, obtained by AFM, are directly compared to the values for PDA 

coatings obtained by the common one-step deposition method (i.e., DA solution is not exchanged 

with a fresh solution). For the one-step method, the coating thickness linearly grows for deposition 

times up to 12 h, after which it starts to flatten out. Such a decaying growth is in agreement with 
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the literature observations, which has been attributed to the consumption of DA and the formation 

of excessively large aggregates (> ~50 nm) in the aged solution.37 The thickness of the PDA 

coatings obtained by the LbL method (for the same total deposition time) is however relatively 

larger, e.g., the average thickness from a one-step deposition for 24 h is ~50 nm, whereas 12 × 2 

h LbL depositions yield a thickness of ~100 nm. In addition, a linear growth behavior is obtained 

when using the LbL approach, suggesting a roughly constant adsorbed amount through each 

deposition step. 

Regarding surface morphology (Fig. 1b), in both methods, Rq is found to generally increase with 

the deposition time; however, surface aggregation is reduced by the LbL approach as shown in 

AFM images and corresponding height profiles (also see Supporting Information, S4). For 

instance, the coating obtained by 18 h one-step deposition contains surface aggregates of ~ 5-200 

nm height. The relatively large standard deviation of the calculated Rq herein can also suggest the 

heterogeneous nature of the surface. For 9 × 2 h LbL depositions, the size of the aggregated 

domains is found to be much smaller, i.e., ~ 5-50 nm. The benefit of using the LbL approach on 

coating thickness/morphology can be better perceived from Fig. 1c, where the Rq-values are 

plotted against the coating thicknesses. Accordingly, the surface roughness increases exponentially 

with the coating thickness for the one-step method, whereas the LbL approach provides a moderate 

linear correlation.  

3.2 LbL Co-deposition of PDA and Polymers  

Dopamine-quinone oligomers can form various covalent (e.g., Schiff base and Michael addition) 

and non-covalent (e.g., hydrogen bonding and coordination) interactions with polymers, 

nanoparticles, and metal ions.8 Benefiting from this versatile chemistry, co-deposition of DA and 
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other materials, i.e., DA-assisted deposition, thus allows entrapping functional units within a PDA 

coating to yield desired bulk and surface properties. We herein investigated to what extent the LbL 

approach can provide control over the growth behavior and the surface morphology of PDA-

polymer hybrid coatings. To do so, two model polymers, i.e., polyethyleneimine (PEI) and dextran, 

were selected, which represent covalent and non-covalent dopamine-assisted depositions. 

PEI is a cationic polymer rich in amine groups that can form covalent (Schiff base and Michael 

addition) interactions with the quinone derivatives.18,38 In a mixed solution of DA and PEI, PDA-

PEI aggregates grow with time and simultaneously adhere to the substrate, providing PDA-PEI 

hybrid coatings. PEI, by reacting with the quinone derivatives, interrupts PDA-PDA hydrogen 

bonds and π–π stacking interactions; thus, hindering excessive PDA aggregation. Therefore, PDA-

PEI hybrid coatings in general are thinner with smoother surface morphologies, compared with 

PDA coatings.18 Herein, PDA-PEI hybrid coatings were prepared using one-step and LbL 

deposition methods (Fig. 2, top row). Using the one-step deposition method, a decaying growth 

rate is found, and the thickness reaches a plateau of ~ 12 nm after 10 h. The surface morphology 

of the coating is found to be relatively smooth (compared with PDA coatings), yet surface 

aggregates of ~ 5-40 nm height are still present (for 12 h deposition). The LbL approach provides 

a linear growth behavior where the coating thickness reaches ~50 nm after 6 × 2 h depositions. 

The surface morphology herein is also found to be smoother, as the size of aggregates is reduced 

to ~ 5-20 nm. The elemental composition (Table 1) of PDA-PEI coatings prepared by one-step and 

LbL depositions shows a rather similar C/N ratio for both coatings; thus, suggesting a rather similar 

chemical composition in both cases. 

Dextran is a polysaccharide with a backbone rich in hydroxyl and ether groups that can form 

hydrogen bonds with DA oligomers.35 Therefore, dextran can be incorporated into the coating by 
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non-covalent hydrogen bonding interactions. Similar to the case of PDA-PEI, it has been suggested 

that dextran also can prevent excessive aggregation of PDA by inhibiting the noncovalent 

assembly routes. PDA-dextran coatings were herein prepared by one-step and LbL deposition 

methods. For the one-step deposition method, rather linear growth is found where the coating 

thickness after 12 h reaches ~12 nm. The coating shows a relatively rough surface morphology 

where aggregates of ~ 5-60 nm are observed. LbL deposition is found to both increase the film 

thickness, and significantly reduce the surface roughness, i.e., surface heights < 10 nm. The 

elemental composition of the two coatings is also found to be relatively similar according to the 

XPS analysis (Table 1).

In summary, our data demonstrate that the LbL approach allows preparing hybrid PDA-polymer 

coatings with enhanced thickness and reduced surface roughness. This approach is found effective 

for both cases of covalent and non-covalent co-depositions. 

3.3 Hierarchically Layered Coating 

The benefits of combining the dopamine-assisted deposition with the LbL approach are not limited 

to increased coating thickness and reduced surface aggregation. This combination enables vast 

possibilities to construct hierarchal composite coatings where the composition and 

physicochemical properties can be tuned in the Z-direction (perpendicular to the substrate). As a 

proof-of-concept, we herein constructed a model coating comprising five different layers by LbL 

deposition of (i) PDA, (ii) PDA-PEI, (iii) PDA-SiO2, (iv) PDA-Cu2+, and (v) PDA-dextran. These 

different materials (polyelectrolyte, inorganic compound, metal ion, and uncharged polymer) 

associate with dopamine-quinone oligomers via different interactions (covalent bonds, hydrogen 

bonding, and coordination bonds). By constructing such a layer,  we thus aimed to demonstrate 

the versatility of the proposed LbL approach. 
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Fig. 3 shows the physicochemical properties of the multilayer coating following each deposition 

step. Table 2 summarizes the elemental composition of the coating after each deposition step, 

which confirms the incorporation of the co-deposited units in each step. Clear variations in the 

properties of the coating are found after each deposition step, which affirms how each deposition 

step allows tuning the coating properties. Variations in the surface topography (Fig. 3b) are found 

after each deposition step. For instance, when the PDA-PEI layer is deposited (layer #2), rather 

smooth surface morphology is achieved. On the other hand, the PDA-SiO2 layer produces a rather 

heterogeneous surface morphology due to PDA aggregates or the entrapped nanoparticles. Overall 

though, the final multilayer coating has a relatively smooth surface owing to the LbL approach. 

The combination of LbL and DA-assisted deposition herein thus allows modulating the surface 

roughness of composite coatings, e.g., through deposition of (i) an intrinsically smooth hybrid 

layer such as PDA-PEI or (ii) a shorter deposition of a desired hybrid layer, as the top layer. From 

the ellipsometry measurements (Supporting Information, Section S5), the optical constants of each 

deposited layer were also estimated (Fig. 3c,d). It should be noted that the values of n and k herein 

are not directly measured but obtained from a modeling analysis; hence, a certain degree of 

uncertainty in the absolute values and shape of the optical dispersions is inevitable. Yet, comparing 

the different layers with each other, variations in the optical constants are noticeable, which 

originates from different chemical compositions of the layers. For instance, the layer containing 

Cu2+ shows relatively larger values of n and k, while the next deposited layer including dextran 

has reduced values of n and k. 

Surface charge is another parameter that showed large dependence on the deposited layers. We 

measured this parameter in both acidic and alkaline pH, to better see the effects of 

protonation/deprotonation of the incorporated ionizable groups (Fig. 3e). Starting from the bare 
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silica substrate, one can expect only minor deprotonation of the silanol groups at acidic pH and 

notable deprotonation towards higher pH, which is confirmed by a negative near-zero zeta 

potential at pH 3 and a large negative surface potential at pH 9. Having PDA deposited as the first 

layer, a more cationic surface at pH 3 and a more anionic surface at pH 9 are found due to the 

ionization of amine and carboxyl groups found in PDA particles. When the next layer containing 

PEI is deposited, the surface charge at pH 3 becomes significantly more positively charged due to 

the amine-rich and cationic nature of PEI. Deposition of the third layer, produced an overall shift 

to a more negatively charged surface charge values, resulting from the negatively charged groups 

on both DA and SiO2. While the fourth layer with copper ions does not alter the surface charge 

notably, the last layer including dextran showed reduced surface charge (in magnitude) possibly 

due to the incorporation of uncharged dextran molecules. Aside from the general trends 

demonstrated here, the surface charge is a key parameter that greatly matters when dealing with 

adsorption, binding, or adhesion of charged molecules and particles to a surface; for instance, in 

designing anti-fouling coatings or cell-adhesive substrates. Herein, the ability to readily tune the 

surface charge of the coating using the LbL approach can provide great control of the surface 

interactions and properties. 

Surface hydrophilicity (Fig. 3f) of the coating was also shown to greatly depend on each deposited 

layer. Silica being highly hydrophilic, showed an expected contact angle of ~ 20˚. PDA added as 

the first layer, made the surface more hydrophobic increasing the contact angle to ~ 55˚. In the 

same line, depending on the chemistry of the deposited units, the surface hydrophilicity of the 

coating was shown to be easily adjustable using the LbL approach. For instance, layers including 

hydrophilic units such as SiO2 or dextran were shown to reduce the contact angle notably.  

4. Summary and Conclusion 
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A combination of DA-assisted deposition with the LbL approach allows for constructing 

functional coatings with tunable microstructure and chemical composition. The versatile catechol 

chemistry herein enables the incorporation of various materials into the coating. On the other hand, 

the LbL approach allows extending the thickness of the coating, reducing the surface aggregation, 

and finally varying the composition and properties of the coating in the vertical direction as 

desired. Such “lego-like” construction provides infinite possibilities for constructing composite 

coatings where the chemistry and physicochemical properties can be tuned at the coating-substrate 

interface, within the coating bulk, and at the coating surface.    
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Fig. 1 PDA coatings obtained by one-step and LbL deposition methods: (a) ellipsometry thickness vs. deposition time 

(n=15). (b) Root-mean-square roughness (Rq) vs. deposition time (n=7) calculated over 10 × 10 μm2 area. (c) Rq vs. 

ellipsometry thickness. (d) Representative AFM images and corresponding height profiles of PDA films. 
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Fig. 2 PDA-polymer hybrid coatings obtained by one-step and LbL deposition methods: (top row) PDA-PEI coatings, 

(bottom row) PDA-dextran coatings.  

Table 1 Elemental composition of hybrid PDA-polymer coatings obtained by one-step and LbL deposition methods  

C N O Si C/N

PDA/dextran (12 h) 65.7 ± 0.3 7.4 ± 0.3 25.5 ± 0.1 1.4 ± 0.1 8.9 ± 0.4

PDA/dextran (6×2 h) 68.9 ± 0.3 6.6 ± 0.2 24.5 ± 0.2 - 10.5 ± 0.4

PDA/PEI (12 h) 69.2 ± 0.3 14.8 ± 0.3 14.5 ± 0.2 1.5 ± 0 4.7 ± 0.1

PDA/PEI (6×2 h) 72.6 ± 0.4 14.4 ± 0.4 13.0 ± 0.1 - 5.1 ± 0.2
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Fig. 3 Hierarchical multilayer coating obtained by LbL depositions (2 h) of DA, DA-PEI, DA-TEOS, DA-CuSO4, and 

DA-dextran on a silica substrate; (a) schematic illustration of the multilayer structure and thickness of each layer 

calculated by ellipsometry (n=3), (b) representative AFM images of the multilayer coating after each deposition, (c)(d) 

modeled refractive index (n) and extinction coefficient of each layer from ellipsometry, (e) surface zeta potential after 

each deposition, (f) water contact angle after each deposition.

Table 2 Elemental composition for hierarchical multilayer coating after deposition of each layer 

C N O Si Cu C/N C/O

PDA 58.0 ± 1.8 7.5 ± 0.1 26.4 ± 0.9 8.1 ± 0.8 7.7 ± 0.3 2.2 ± 0.1

PDA-PEI 67.3 ± 0.4 13.2 ± 0.2 18.1 ± 0.2 1.4 ± 0.1 5.1 ± 0.1 3.7 ± 0.1

PDA-SiO2 38.3 ± 0.7 4.6 ± 0.2 41.7 ± 0.3 15.4 ± 0.5 8.3 ± 0.3 0.9 ± 0.1

PDA-Cu2+ 67.3 ± 0.1 8.2 ± 0.2 22.5 ± 0.1 1.4 ± 0.1 0.6 ± 0.1 8.2 ± 0.2 3.0 ± 0.1

PDA-dextran 68.7 ± 0.3 7.1 ± 0.3 24.2 ± 0.3 9.6 ± 0.4 2.8 ± 0.1
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S1 Experimental Setup 

To ensure the reproducibility of the coating properties, a custom-made Teflon holder (Fig. S1) 

was fabricated and used for immersing the samples in DA solutions. Herein, it was ensured 

that all the samples (center of the wafer) were kept at the same distance from the solution-air 

interface (~ 4 cm), also uniform stirring was achieved for all the samples. 

Fig. S1 Teflon sample-holder used for the preparation of coatings
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S2 12 h Single Deposition vs. 2 × 6 h LbL Depositions

As discussed, for each LbL deposition step, DA solution is exchanged with a fresh solution. 

Thus, aside from the number of depositions, the duration of each deposition may also affect 

the coating properties. To examine this point, we first prepared PDA coatings obtained from 2 

× 6 h LbL depositions and 12 h single deposition. Herein, we compared the thickness and 

surface morphology of the coatings obtained from the two methods (Fig. S2, Table S1). 

Accordingly, no significant improvement in the thickness growth or reduction of the surface 

roughness was observed when using the LbL approach (via 6 h steps), in other words, the 

benefits of having “fresh” DA are not achieved when the duration of each step is relatively 

long. For this reason, all later samples were prepared using LbL depositions of 2 h duration, 

which showed to improve both the growth behavior and the surface morphology of the coatings. 

Fig. S2 Representative AFM images of PDA films on silicon wafer prepared by one-step (12 h) and LbL (2 ×6 h) 

deposition methods

Table S1 Thickness and Rq (Scan size, 10 × 10 μm2) comparison of PDA films on silicon substrates prepared by 

one-step (12 h) and LbL (2 × 6 h) deposition methods

Thickness (nm) Rq (nm)
12 h 33.2 ± 4.2 22.9 ± 11.4

2 × 6 h 34.2 ± 1.6 20.1 ± 5.3
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S3 Ellipsometry Analysis: Optical Models

The complex light-absorbing behavior and growing surface roughness must be considered for 

modeling the optical properties and analyzing the ellipsometric thickness of PDA coatings. 

Herein, for samples prepared through different depositions times, we used a step-by-step 

modeling approach, starting from the simplest optical model, i.e., Cauchy for transparent films, 

and gradually increased the number of model variables, i.e., light absorption parameters, so a 

satisfactory fit between the experimental and modeled ellipsometric data was obtained without 

over-parametrization. On this basis, Cauchy with Urbach absorption term (deposition times ≤ 

2 h), Kramers-Kronig-consistent B-spline (2 h < deposition times ≤ 12 h), and Kramers-Kronig, 

consistent B-spline with roughness layer (12 h < deposition times) were used for samples of 

different deposition times. Fig. S3-S5 show representative modeling data for PDA samples 

prepared through the LbL approach.  

Fit Results

MSE = 8.048

Thickness # 3 = 6.92 ± 0.024 nm

A = 1.658 ± 0.002135

k Amplitude = 0.15371 ± 0.001110

Exponent = 0.326 ± 0.008203

Total Thickness = 108.78 ± 0.024 nm

Optical Model

Fig. S3 Ellipsometry data of PDA film; 2 h (Cauchy with Urbach adsorption)



Page 5 of 10

Fit Results

MSE = 7.668

Thickness # 3 = 23.52 ± 0.047 nm

E Inf = 1.280 ± 0.0135

IR Amp = 0.535 ± 0.0145

Total Thickness = 126.90 ± 0.047 nm

Optical Model

Fig. S4 Ellipsometry data of PDA film deposited; 3 × 2 h (B-spline)
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Fit Results

MSE = 22.529

Roughness = 20.45 ± 0.229 nm

Thickness # 3 = 73.97 ± 0.126 nm

E Inf = 1.028 ± 0.0159

IR Amp = 0.0439 ± 0.0157

Total Thickness = 174.33 ± 0.126 nm

Optical Model

Fig. S5 Ellipsometry data of PDA film; 9 × 2 h (B-spline with roughness layer)
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S4 Additional AFM Images 

Fig. S6 illustrates the representative AFM height images for the PDA films obtained by 

single- and LbL deposition methods.

Fig. S6 Representative AFM images of PDA films prepared by one-step (left) and LbL deposition (right) 
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S5 Hierarchal Coating: Ellipsometry Analysis  

Two different modeling approaches were conducted to analyze the ellipsometry data of the 

multilayer coating. The first approach was to simply have both thickness and optical constants 

(for each layer) as “free” model parameters. Thus, after each deposition, the experimental Ψ 

and Δ were collected, and a b-spline model (resolution 0.6 eV, KK-consistent, ϵ2 >0, n=1.7, 

and k=0.1 as initial guess) with unknown optical constants and thickness (Fig. S7) was used. 

After modeling each layer, the parameters were then fixed in the model, the next layer was 

deposited, and a similar modeling procedure was repeated. Fig. S8 shows the optical 

dispersions of each layer obtained by this modeling approach.  

Fit Results
MSE = 15.336
Thickness # 7 = 5.08 ± 0.071 nm
E Inf = 1.099 ± 0.0608
IR Amp = 0.00 ± 0.0964
Total Thickness = 148.32 ± 0.071 nm

Optical Model

Fig. S7 Optical modeling of the multilayer coating, using B-spline with both thickness and optical constants as 

free model parameters.

 

Fig. S8 Optical constants of the layers, obtained from the B-spline model with both thickness and optical constants 

as free model parameters

In the case of very thin layers (~ few nanometers thick), it is generally recommended to avoid 

having both optical constants and thickness as free model parameters, as overparametrization 

is possible. Therefore, for the next modeling approach, we first prepared five sets of coatings 
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(PDA, PDA-PEI, PDA-SiO2, PDA-Cu2+, PDA-dextran) using 3×2h depositions. Then for each 

of these thick layers, a b-spline model (resolution 0.6 eV, KK-consistent, ϵ2 >0, n=1.7, and 

k=0.1 as initial guess) with unknown optical constants and thickness was used. The optical 

constants were then obtained by modeling where (i) having thickness and optical constants as 

free model parameters, or (ii) using thickness estimated from AFM (Fig. S9) as an input so 

only having optical constants as free model parameters. In both routes, a quite similar modeling 

outcome was found, confirming the reliability of the obtained optical constants. Hereafter, the 

estimated optical constants for PDA, PDA-PEI, PDA-SiO2, PDA-Cu2+, and PDA-dextran were 

used as input for the analysis of the multilayer coating data. Therefore, in this case (Fig. S10), 

fixed optical constants were used, and the thickness of each layer was the free model parameter.   

Fig. S9 Representative AFM height images/profiles of the scratched area of PDA, PDA/PEI, PDA/SiO2, 

PDA/Cu2+, and PDA/dextran films obtained from a LbL deposition for 3 × 2 h.



Page 10 of 10

Fit Results
MSE = 56.929
Thickness # 7 = 3.76 ± 0.031 nm
Total Thickness = 145.13 ± 0.031 nm

Optical Model

Fig. S10 Representative AFM height images/profiles of the scratched area of PDA, PDA/PEI, PDA/SiO2, 

PDA/Cu2+, and PDA/dextran films obtained from LbL deposition for 3 × 2 h.
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ABSTRACT: There has been an ongoing interest in using
proteins as more environmentally friendly substitutes for the
existing synthetic adhesives. Poor water resistance is a particular
shortcoming of protein-based adhesives, which negatively affects
their outdoor functionality. In this study, we systematically
investigated if water solubility of the protein, addition of a
phenolic compound such as tannic acid, and protein−polyphenol
complexation could improve the water resistance of protein-based
adhesives. It was found that the synergetic effects of these
parameters can yield commercial-level water resistance.

KEYWORDS: protein-based adhesive, biomimetic, water resistance, zein, tannic acid

Independence from petroleum resources and reducing the
emission of harmful substances are the major incentives for

replacing synthetic adhesives.1 Biobased materials, e.g.,
proteins, are vastly investigated as potential substitutes;
nevertheless, their “green” footprint rarely justifies their
commercialization unless critical shortcomings of such
adhesives are resolved.1 As a major deficiency, protein-based
adhesives demonstrate poor water resistance, meaning that the
adhesive joint significantly weakens or often fails when exposed
to humid or wet environments. Thus, prolonged outdoor
durability becomes an issue.2 The adsorbed water can induce
various physical effects within an adhesive joint, i.e., swelling,
plasticization, leaching of the adhesive components, and
degradation of the substrate−adhesive interface.3 Hence,
mechanisms by which water penetration/uptake within the
adhesive is reduced may assist us in developing protein-based
adhesives with enhanced water resistance.
Sticky marine creatures, e.g., mussels, have been sources of

inspiration for designing adhesives with enhanced wet adhesive
properties.4−6 The mussel adhesive comprises a complex
mixture of several proteins that synergistically render strong
underwater adhesion to various organic and inorganic surfaces
(Scheme 1, top panel). Their signature amino acid, 3,4-
dihydroxyphenyl-L-alanine (Dopa), regulates the interfacial
adhesion and internal cohesion of the adhesive plaque through
various catechol-mediated interactions such as hydrogen
bonding, cation−π, and metal coordination.7,8 Moreover, the
mussel foot proteins (mfps), in particular mfp-3s, are secreted
under controlled pH through which liquid−liquid phase
separation and coacervation occur.7,9−11 Coacervates, besides
having low interfacial energies, show shear-thinning viscosities

that are smaller than those of uncondensed molecules at the
same concentration, which thus assist surface wetting.7,12

Moreover, the intermolecular interactions within the protein
complexes may serve as cross-linking moieties that assist water
resistance.
In this study, we systematically investigated the effects of

three parameters, i.e., water solubility of the protein, adding a
polyphenol, and protein−polyphenol complexation on the
water resistance of protein-based adhesives (Scheme 1, bottom
panel). The overall hypothesis herein is that water resistance of
protein-based adhesives should be notably improved by
mechanisms that hinder water penetration/uptake within the
adhesive and thus prevent water-induced cohesive failure. By
systematic investigation of these three parameters, we aim to
achieve commercial-level water resistance (Loctite SuperGlue
as the benchmark). Notably, we examined water resistance
over short and long exposures to water, which is often
neglected in the literature.13−16 By doing so, we studied how
each parameter could contribute to short- and long-term water
resistance and cohesive properties of the adhesive. Gelatin, as a
water-soluble protein, and zein from maize, as a water-
insoluble protein, were selected. The difference in water
solubility arises from the different amino acid compositions of
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the two proteins (Scheme 1, bottom).17 Next, we investigated
if marine-inspired adhesion mechanisms can enhance the water
resistance of protein adhesives. From the various approaches to
mimic the chemistry of Dopa,18−20 we chose tannic acid as a
water-soluble plant phenolic that is rich in galloyl moieties, so

can mimic the interactions of the catechol group.21 Finally, we

studied if incorporating tannic acid into the protein-based

adhesive through complexation could further enhance the

water resistance. Detailed information on experimental

Scheme 1. (Top) Marine Adhesivea and (Bottom) Engineered Protein Adhesiveb

aThe mussel adhesive comprises several proteins, known as mussel foot proteins (mfps), each with a specific amino acid composition and position
within the adhesive plaque. Mfps found at the interface, i.e., mfp-3 and mfp-5, are rich in Dopa, the catechol moiety of which enables wet adhesion
to various substrates, as well as cohesion within the plaque. Besides, the secreted mfps, in particular mfp-3s, undergo coacervation and phase
separation producing the adhesive plaque. bThree factors are investigated to enhance the water resistance of the engineered protein-based adhesive.
Water-soluble gelatin from porcine skin and water-insoluble zein from maize were compared, galloyl-rich tannic acid was added to mimic Dopa
(catechol) functionality mainly in terms of enhanced cohesion, and finally, protein−tannic acid complexation was examined.

Figure 1. Gelatin- and zein-based adhesives (prepared by solution mixing) with and without tannic acid: (a) dry lap shear strength of zein and
gelatin adhesives as a function of tannic acid content; adhesives with 2 wt % tannic acid were chosen for the next tests, (b) effect of pH of the
protein solution on dry lap shear strength of zein and gelatin adhesives each containing 2 wt % tannic acid, (c) effect of curing condition (dried in
ambient temperature for 48 h. or in the oven at 120° for 24 h) on dry lap shear strength of zein and gelatin adhesives each with 2 wt % tannic acid,
and (d) water resistance (wet lap shear strength) of the adhesives tested as a function of immersion time (n = 5).
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procedures is provided as Supporting Information (Section
S1).
Figure 1 displays the lap shear strength of zein and gelatin

adhesives (dry and wet), with and without tannic acid. Herein,
tannic acid is dissolved together with the protein in the solvent
(demineralized water for gelatin, 90% ethanol/water mixture
for zein), and the final solution is used as the adhesive.
Regarding pure protein adhesives, gelatin demonstrated a
much larger lap shear strength, which can be attributed to the
stronger mechanical properties of the protein film.22−25 The
tannic acid content, in each case, was then optimized (Figure
1a). For both proteins, the dry adhesive shear strength
increases by the addition of tannic acid up to a content of 2 wt
%, after which a plateau is found. Tannic acid not only can
promote the interfacial adhesion to aluminum through
galloyl−substrate interactions (e.g., hydrogen bonding and
metal coordination), it can also noncovalently (e.g., hydrogen
bonding and cation−π) and covalently (amine-quinone
reactions via Michael-type addition or Schiff base) cross-link
the proteins and thus reinforce the cohesive properties. The
overall effect of tannic acid (2 wt %) is more pronounced on
zein (2.8 MPa → 5.2 MPa) compared to gelatin (5.3 MPa →
6.3 MPa). This observation can suggest that the effect of tannic
acid on the cohesive properties (i.e., through cross-linking) of
the adhesives is more crucial to the lap shear strength. Notably,
we did not observe any significant correlation between the pH
of the protein solution and the adhesives’ lap shear strength
(Figure 1b). In particular, Schmidt et al. have reported
considerably larger adhesive strength (at least 4-fold) at pH 7
compared to other pH values, which was attributed to the
presence of both nonoxidized and oxidized galloyl forms and

their effects on the interfacial adhesion and cohesion.13 Our
observation herein though may suggest that tannic acid
improves chiefly the cohesive properties of the adhesive
through cross-linking, rather than tuning the interfacial
adhesion. Drying/curing condition is another important factor
that was optimized before testing the water resistance of
adhesives. As shown in Figure 1c, the zein-based adhesive
requires thermal curing to achieve a maximal lap shear
strength, as previously reported.13 Thermal curing can produce
both oxidative cross-linking of tannic acid,13 as well as self-
cross-linking of zein.23,24 Both of these effects can enhance the
mechanical and cohesive strength of the adhesive. Contrarily,
thermal curing of the gelatin adhesive resulted in a reduction in
the adhesive strength, which may be attributed to the
formation of bubbles/foaming when the adhesive solvent
evaporates.
Next, the water resistance of zein and gelatin adhesives,

without and with 2 wt % tannic acid was examined by
immersing the specimens in demineralized water for different
times before testing the adhesive strength (Figure 1d). The
pure gelatin adhesive demonstrated no water resistance, i.e.,
the adhesive joint broke apart after only 8 h immersion. Pure
zein, in contrast, showed a relatively stronger water resistance,
i.e., lap shear strength ∼0.6 MPa after 8 h. immersion. The zein
adhesive could also endure longer immersion times; never-
theless, the adhesive shear strength was significantly reduced.
Water-insoluble zein, compared to gelatin, provides improved
barrier properties against water penetration within the
adhesive, which can thus impede cohesive failure. Such an
effect appears to be efficient chiefly for short immersion times
though. Therefore, while water insolubility of the protein can

Figure 2. (a) Summary of the preparation route of zein−tannic acid complex adhesive, (b) effect of thermal curing on dry lap shear strength of
complex zein adhesives with and without tannic acid, (c) effect of tannic acid concentration in the precursor solution on the dry lap shear strength
of zein−tannic acid complex adhesives, (d) XPS spectra of zein, tannic acid, and zein−TA complex, (e) FTIR spectrum of the zein−TA complex,
(f) dry and wet lap shear strength of the zein−tannic acid complex adhesive and Loctite SuperGlue (n = 5), and (g) polarized microscopy images of
SuperGlue and the zein−TA complex adhesive after testing the shear strength. The adhesive residues are highlighted in red on the images, scale
bars are 500 μm.
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assist water resistance, it cannot merely ensure prolonged
durability of the adhesive joint.
Tannic acid was found to improve the water resistance of

both protein adhesives. Gelatin−tannic acid adhesive main-
tained a lap shear strength ∼0.5 MPa after 8 h immersion and
could sustain the 1-week immersion. Zein−tannic acid
adhesive also demonstrated improved adhesive shear strength
compared to the pure zein adhesive. Nevertheless, the effect of
tannic acid was more pronounced for short immersion times,
whereas the protein adhesives with and without tannic acid
performed nearly comparable when immersed in water for 1
week. Overall, our results suggest that tannic acid can improve
the water resistance of protein adhesives, though the effect is
more limited to short immersion times. Accordingly, it can be
inferred that tannic acid improves water resistance mainly
through cross-linking/cohesive reinforcement of the proteins,
which is also supported by our water contact angle and
swelling studies on zein and gelatin films (Supporting
Information, Section S2).
Next, we investigated if protein−tannic acid complexation

can enhance the water resistance of the adhesives. This means
that the adhesive is prepared by mixing the solutions of protein
and tannic acid, whereupon the adhesive (protein−tannic acid
complex) is collected as a precipitated phase. Tannic acid can
undergo complexation with different macromolecules through
various interactions.26,27 The proximity of multiple hydroxyl
groups assists deprotonation and thus renders tannic acid a
partial negative charge that enables complexation with the
basic residues on proteins.26 The hydroxyl groups of the galloyl
moieties are also able to form hydrogen bonds with the
hydrogen bond accepting residues on the protein.26 Finally, the
galloyl units may also promote complexation through cation-π
and hydrophobic interactions, as suggested for self-coacerva-
tion of like-charged mussel adhesive proteins.28 Therefore,
protein−tannic acid complexation is expected to provide
multiple sources of cohesiveness, reduce water solubility/
uptake of the adhesive, and thus enhance the water resistance.
We examined this approach for both gelatin and zein proteins.
The gelatin−tannic acid complex demonstrated limited wetting
properties, which made it impractical to be applied onto the
substrates at room temperature (probably due to the
temperature responsiveness of gelatin), and thus was excluded
from the adhesion testing.
Two approaches were examined to prepare the zein−tannic

acid complex adhesives (Supporting Information, Section S3).
It was found that precipitation of zein through decreasing the
ethanol content of the solvent while simultaneously adding
tannic acid (Figure 2a) provided an adhesive with favorable
wetting properties and stronger dry bonding strength. Figure
2b shows the effect of the curing condition on the dry strength
of the adhesives prepared through precipitation (complex-
ation). For pure zein (precipitated by adding water, without
tannic acid), thermal curing increased the dry lap shear
strength from ∼0.5 MPa to ∼3.0 MPa. This indicates again
that pure zein adhesive, when thermally treated, undergoes
self-cross-linking and thus renders stronger cohesive strength.
For zein−tannic acid complex (tannic acid solution added to
zein solution), thermal curing has an even larger effect (∼1.0
to ∼7.5 MPa), which indicates that oxidative cross-linking of
tannic acid has a significant contribution to the adhesive
cohesive strength. It was also found that the concentration of
tannic acid in the precursor solution (Figure 2c) affects the dry
adhesive strength, which could be attributed to the differences

in the composition and physical properties of the complexes
(Supporting Information, Section S3). The precipitated zein−
tannic acid complex (made from 2 wt % tannic acid solution)
was analyzed using XPS and FTIR (Figure 2d,e), confirming
the presence of both zein and tannic acid. The XPS spectrum
of the precipitate indicated traces of nitrogen, which affirms the
presence of protein in the complex. The FTIR spectrum of the
precipitate also demonstrated the characteristic peaks of amide
bonds of the protein together with the benzene ring peaks of
tannic acid. Considering the extremely low content of the basic
amino acids in zein, i.e., one lysine, three arginine, and one
histidine out of 240 units in total (for 19 kDa α-zein),29 the
main source of complexation between zein and tannic acid is
speculated to be through hydrogen bonding (possibly through
the amine moiety of 11 asparagine and 43 glutamine residues),
as well as hydrophobic interactions (π− π interactions with
phenylalanine and tyrosine residues).
Next, the water resistance of the complex adhesive was

benchmarked against a commercial water-resistant adhesive
(Figure 2f). As shown, the overall water resistance of the
complex protein adhesive emulates the commercial adhesive.
After 7 days of immersion in water, both zein−tannic acid
complex adhesive and commercial SuperGlue demonstrated a
wet lap shear strength of ∼3.0 MPa. In both cases, as shown
from microscopy images of the tested adhesive joints (Figure
2g), a combination of adhesive and cohesive failures was
found. Regarding the protein adhesive, this observation
suggests favorable wet interfacial adhesion as well as
cohesiveness within the adhesive, so the adhesive did not fail
solely cohesively or adhesively.
In conclusion, the results indicate that the combination of

the three parameters studied herein can provide enhanced
water resistance (for 1-week exposure to water) similar to that
of a water-resistant commercial adhesive. Using a water-
insoluble protein, such as zein, can reduce the water
penetration (as well as the subsequent effects on the adhesive
such as swelling, plasticization, and leaching) within the
adhesive joint, which turned out to be effective but not
efficient for prolonged durability. Adding a Dopa-mimetic
compound, i.e., tannic acid, can strengthen the adhesive−
substrate bonding but, more importantly, the cohesiveness of
the adhesive joint when exposed to water (due to covalent and
noncovalent cross-linking). Yet, this factor also did not provide
long-term water resistance. Finally, the complexation of zein
with tannic acid rendered an adhesive with the highest water
resistance. Herein, we have synergetic contributions from
protein water insolubility, galloyl-mediated adhesion and
cohesion improvements, and superior wet-adhesive properties
of the precipitated complex adhesive (larger dry matter
content, favorable wetting properties, and enhanced cohesive-
ness due to zein−tannic acid interactions).
Overall, the zein−TA complex adhesive is a promising

biobased adhesive for future studies. A few recent studies have
revealed the potentials of zein adhesives,13,21,30 yet we suggest
that further studies on zein complexation with an emphasis on
adhesive water resistance are necessary. A deeper under-
standing of how different parameters such as the concentration
of the components, solvent composition, and mixing ratios can
affect the microstructure and physicochemical properties of the
complex, followed by studies on how these properties correlate
to the adhesive properties (viscosity, mechanical properties,
bonding strength, and water resistance) can facilitate the
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development of commercially competitive zein-based adhe-
sives.
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S1 Experimental Section    

Materials: Zein from maize, gelatin from porcine skin (gel strength ~175 g Bloom, 

Type A), tannic acid (ACS reagent), and ethanol absolute were purchased from Sigma 

Aldrich. Demineralized water was used in the preparation of all the samples. 

Whenever needed, the pH of the solutions was adjusted using 1M NaOH and HCl 

solutions.  

Preparation of the adhesives: For pure gelatin adhesive (GTA-0), 5 g gelatin was 

dissolved in 20 g warm water (20 wt. % dry content, 65 °C) and gently stirred (to avoid 

bubbles) for 2 hr., yielding a light-yellow solution of mediocre viscosity. For gelatin–

tannic acid formulation (GTA-2), first, 4.9 g gelatin was dissolved in 15 g lukewarm 

water for 1 hr., after which tannic acid solution (0.1 g dissolved in 5 gr water) was 

dropwise added to the gelatin solution and left stirring for 1 hr. The final solution had 

a light-brown color and was found to be slightly more viscous than the pure gelatin 

solution. Curing: the adhesive joints were dried at ambient temperature for 48 hr. 

Specimens were stored in a desiccator for 12 hr. before testing.  

For pure zein adhesive (ZTA-0), 5 g zein powder was added to 6 g aqueous ethanol 

solution (90 v/v % ethanol) and mixed for 4 hr. using a vortex mixer, yielding a dark 

amber solution of high viscosity. For zein–tannic acid formulation (ZTA-2), first, 4.9 g 

zein was dissolved in 6 g aqueous ethanol for 2 hr., after which 0.1 g tannic acid 

powder was added to the mixture and mixed further for 2hr. The color and consistency 

of the adhesive were relatively similar to the pure zein adhesive. Curing: the adhesive 

joints were dried at ambient temperature for 1 hr., after which cured at 120 °C for 24 

hr. Specimens were stored in a desiccator for 12 hr. before testing.   
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For zein–tannic acid complex adhesive, 5 g zein was dissolved in 75 g of 90% ethanol 

solution and stirred for 2 hr. 2 g tannic acid was dissolved in 98 g water and then mixed 

with zein solution in a 1:1.25 volume ratio in centrifuge tubes. The coacervate phase 

(dark orange color) was separated by centrifugation (6500 rpm, 5 min). Curing: the 

adhesive joints were dried at ambient temperature for 1 hr., after which cured at 120 

°C for 24 hr. Specimens were stored in a desiccator for 12 hr. before testing.        

Adhesive testing: single-lap shear test (Instron 345c, 2 kN load cell) was conducted 

according to modified ASTM D1002 standard. Single-lap aluminum joints were 

prepared with an overlap area of 1.2 cm × 1.2 cm. The aluminum substrates were 

polished and degreased before applying the adhesives (water contact angle before 

and after surface cleaning: 69° and 53°). To test water-resistance, the specimens were 

immersed in demineralized water for a certain duration (i.e., 8, 24, 72, and 168 hr.), 

after which the adhesive shear strength was immediately measured. For each 

experiment, five specimens were tested (n=5).  

Chemical characterization: Fourier transform infrared (FTIR) spectroscopy 

(PerkinElmer, Spectrum 100) analysis was carried out on the zein, tannic acid, and 

zein–tannic acid precipitate (powder samples) over the wavenumber region of 600-

4000 cm-1. The elemental composition of the samples was examined by X-ray 

photoelectron spectroscopy (XPS, Nexsa, Thermo Fisher Scientific, USA) equipped 

with Al Kα as the radiation source and data analysis was conducted using Avantage 

software.  
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S2 Water Contact Angle and Swelling Experiment  

We compared the surface hydrophilicity and water uptake of zein and gelatin films, 

with and without tannic acid (corresponding to the adhesive samples discussed in 

Figure 1), the results of which are shown in Figure S1 and Table S1.  

 

Figure S1 Water contact angle of zein and gelatin films with and without tannic acid (aqueous solutions 

were spin-coated on silica wafer to prepare the samples.)  

As discussed in relation to Figure 1, adding tannic acid could improve the water-

resistance of both zein and gelatin adhesives, specifically for short immersions. 

Herein, we conducted a water contact angle study to see if adding 2 wt.% tannic acid 

to zein and gelatin affects the surface hydrophilicity of the films. As shown in Figure 1, 

pure zein is more hydrophobic than pure gelatin as expected based on its more 

nonpolar and less charged amino acid composition. The addition of tannic acid to each 
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protein, however, did not affect the surface hydrophilicity in a significant manner. 

Indeed, a small decrement in the contact angles is observed that may suggest the 

presence of the hydroxyl groups of tannic acid at the film surface. Therefore, the 

improved water-resistance of the adhesives containing TA cannot be attributed to the 

variations in the surface hydrophilicity of the protein films.   

To further test the interaction of the protein films with water, dried free-standing films 

of zein and gelatin, with and without tannic acid, were immersed in water for 24 hr. to 

see how much water they can adsorb, and how much of the films dissolve. As shown 

in Table S1, the water uptake data are in good agreement with the trends of water-

resistance (Figure 1).  

Table S1 Swelling data for zein and gelatin films, with and without tannic acid 

sample 
initial dry weight 

(mg) 
hydrated weight (mg) 

dried weight after 

swelling test (mg) 

gelatin 

67.6 x x 

47.7 x x 

75.3 x x 

gelatin + 2% TA 

82.2 x x 

76.3 x x 

67.8 x x 

zein 

54.5 139.3 49.5 

56.8 149.2 51.2 

58.2 153.9 51.3 

zein + 2% TA 

79.1 184.1 72.2 

82.2 174.3 74.6 

59.4 133.4 53.6 

Pure gelatin films, after 24 hr. immersion in water, were mostly dissolved. Therefore, 

it was not possible to weigh the hydrated samples. Adding tannic acid to gelatin partly 

improved the stability of the films. Herein, the films were highly swollen but still 

disintegrated into pieces, so it was again not possible to weigh the hydrated samples. 
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But based on visual inspection, it could be inferred that adding tannic acid improved 

the stability of the film (due to cross-linking). Zein films, in contrast, showed excellent 

stability in water. Pure zein films showed an average swelling ratio of ~1.6 and 

undissolved matter content of ~90%. Adding tannic acid to zein cross-links the protein 

as confirmed by a reduced average swelling ratio of ~1.2, while the undissolved matter 

content remained nearly the same (~90%). Therefore, the overall water-resistance 

trends observed in Figure 1 can be mainly attributed the the cohesive properties of the 

hydrated protein films.  
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S3 Zein–Tannic Acid Complexation 

Solubility of zein in aqueous ethanol solutions is represented by the ternary phase 

diagram in Figure S2.1,2 Accordingly, for a zein solution, decreasing the ethanol 

content should produce a phase transition from solution state to coacervation and 

precipitation.       

 

Figure S2 Ternary phase diagram for zein solubility in aqueous ethanol solutions (reprinted with 

permission from reference2) 

We, accordingly, have examined two approaches for preparing the zein–tannic acid 

complex adhesives:  

1. Both zein and tannic acid were dissolved in 90% aqueous ethanol solutions, 

whereupon the solutions were mixed, and the precipitated complex was collected 

using centrifugation. In this case, the precipitation is caused solely by zein and tannic 

acid interactions.   

2. Zein was dissolved in 90% aqueous ethanol solution, whereas tannic acid was 

dissolved in demineralized water. The solutions were then mixed, so the final ethanol 
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content in the solvent will be ~40%. In this case, precipitation is caused by zein and 

tannic acid interactions, as well as the water-induced phase separation (precipitation) 

of zein when ethanol content is reduced from 90% to 40%.  

        

Figure S3 Dry adhesive shear strength of zein complex adhesives made from (left) zein and tannic 

both dissolved in 90% aqueous ethanol solutions (precipitation due to zein–tannic acid interactions), 

(middle) zein dissolved in 90% aqueous ethanol solution, and tannic acid dissolved in demineralized 

water (precipitation due to zein–tannic acid interactions as well as water-induced phase separation of 

zein); the concentration of tannic acid in the precursor solution was systematically varied to study the 

effect of zein/tannic ratio on the adhesive properties, (right) effect of pH of zein solution on dry lap shear 

adhesive of zein–tannic acid complex adhesive (made by mixing zein in ethanol/water 90% with 2 wt.% 

tannic acid in water).   

Comparing the two precipitated systems, clear differences in the physical properties 

were observed. In particular, the former was found to be more “granular” and 

discontinues, which was also less practical to be applied onto substrates as an 

adhesive. Conversely, the latter precipitate was more “glue-like”, uniform, and 

convenient to be applied onto substrates. Aside from the physical appearance, we 

also examined the adhesive properties of the two precipitates (Figure S3). In each 

case, the concentration of tannic acid was systematically varied to see if zein–tannic 

acid ratio has any impact on the adhesive strength. Regarding the first precipitate, a 
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dry lap shear strength of ~ 2.5 MPa was found, regardless of the zein–tannic acid ratio. 

The lower adhesive properties herein may be attributed to the unfavorable wetting 

properties of the precipitate. In contrast, the second precipitate adhesive 

demonstrated notably larger adhesive shear strength values that appeared to depend 

on zein–tannic acid ratio as well. The relatively larger adhesive strength herein may 

be attributed to the favorable wetting properties of the precipitate adhesive. Several 

factors can be responsible for the observed dependence of the adhesive strength to 

the zein/tannic acid ratio. First, the consistency of the precipitate significantly 

depended on the ratio of the components, where it was observed that higher tannic 

acid contents made the adhesive spreading/application less convenient (unfavorable 

wetting). Moreover, the composition of the precipitates was studied using XPS, the 

results of which are summarized in Table S2. Based on the detected nitrogen content, 

it appears that the amount of tannic acid in the complex increases with the ratio of 

tannic acid–zein, which can affect the interfacial adhesion and cohesive properties of 

the adhesives.     

Table S2 XPS elemental composition of pure zein, pure tannic acid, and zein–tannic acid precipitates 

of various zein–tannic acid ratios (obtained using the second complexation approach) 

 C O N 

zein 80.34 13.02 6.64 

0.25% 68.30 18.04 13.66 

0.5% 69.73 18.53 11.74 

1% 69.88 19.35 10.77 

2% 68.15 20.22 11.63 

4% 68.22 24.83 6.95 

6% 67.43 25.17 7.40 

8% 68.23 28.14 3.63 

tannic acid 66.69 33.31 0 

 

We also studied if the pH of zein solution can affect the lap shear strength of zein–

tannic acid complex adhesive (Figure S3). It appears that pH may also affect the 

complexation and adhesive properties, in particular at lower pH values.  
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S4 Significance Test (paired-sample t-test) for Water-resistance Data   

Four protein-based adhesives that showed water-resistance (did not fall apart after 

water immersion) were analyzed herein. Data for 8 hr. and 168 hr. immersions were 

selected as representative conditions for short-term and long-term exposures to water, 

respectively.    

 

Figure S4 Wet lap shear strength data of protein-based adhesives studied herein; (left) 8 hr. immersion 

data representing short-term exposure to water, (right) 168 hr. immersion data representing long-term 

exposure to water. (paired-sample t-test: significance level 1%, # non-significant, *significant)    
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Coacervation of the poly(propylene oxide) and tannic acid, driven 

by hydrogen bonding, renders a tacky viscous material that 

provides an underwater adhesion strength of ~ 350-550 KPa on 

aluminum substrates, also it can bond wet glass, metal, plastic, and 

porcelain. A curing functionality is achieved by designing a two-

component system, using epoxidized PPO-TA coacervate as part A 

and aminated PPO as part B. Aside from underwater bonding, this 

adhesive can then cure underwater through amine-epoxide 

reactions providing a commercially competitive and waterproof 

bonding. 

Marine organisms have been an inspiration for designing man-

made adhesives with novel functionalities such as underwater 

or wet bonding.1–6 This biomimicry design is generally based on 

mimicking (i) the chemistry and (ii) the curing/complexation 

mechanisms of the marine adhesive proteins.7–10 One promising 

design approach is based on polymer-tannic acid 

coacervation/complexation. Here, one can benefit from the 

galloyl-rich structure of tannic acid (TA), which allows mimicking 

the interactions of the catechol group found in marine 

adhesives. Moreover, the adhesive, being in a coacervate 

phase, offers reduced solubility in water and favorable wetting 

properties. On this basis, coacervates of TA with several 

polymers, including poly(N-vinylpyrrolidone)11, 

polyamidoamine-epichlorohydrin12, poly(N-hydroxyethyl 

acrylamide)13, Pluronic14, poly(vinyl alcohol)15, poly(methyl vinyl 

ether-alt-maleic anhydride)16, and poly(2-ethyl-2-oxazoline)17 

have been developed as underwater adhesives. 

Commonly, such studies demonstrate the ability of the 

adhesive to bond surfaces underwater, by providing an instant 

tackiness. A natural consideration, though, is that an 

underwater adhesive not only should provide instant tackiness 

but also should undergo a curing/hardening reaction so a 

durable bonding can be obtained. Since such coacervate 

adhesives are often based on hydrogen bonding and ionic 

interactions, they are not expected to cure and are thus unable 

to form a permanent and durable bonding.  

In this study, we designed a novel underwater adhesive 

based on poly(propylene oxide) (PPO) and TA. This adhesive 

renders strong tackiness underwater, but more importantly 

cures underwater and provides a durable waterproof bonding. 

PPO is a non-toxic polyether with broad industrial uses in 

cosmetics, medicine, and food products. In low molecular 

weight forms, PPO is readily water-soluble at room 

temperature, which makes the preparation method much 

easier compared to other polymer-TA coacervate systems. 

Notably, PPO is commercially available with different end-group 

functionalities, including epoxidized and aminated derivatives, 

which allows for designing adhesives that can undergo covalent 

curing reactions (detailed experimental methods available as 

Supporting Information, S1). 

PPO derivatives (i.e., with different MW and end groups) 

show a lower critical solution temperature (LCST) solubility 

behavior meaning that the solubility decreases with 

temperature.18 Considering this, we chose a low molecular 

weight PPO (Mn ~ 400 g mol-1) that can be readily dissolved in 

water. The adhesive is simply prepared by mixing aqueous 

solutions of dihydroxyl-terminated PPO and TA of the same 

concentrations in a 1:1 weight ratio. Upon mixing (Figure 1a), 

the solution instantly turns turbid/milky and is characterized by 

phase-separated droplets of the polymer-rich phase dispersed 

in the water-rich phase (i.e., coacervation). By centrifuging the 

mixture, two distinct phases are obtained, including a light 

orangish viscous and sticky precipitated material, which is the 

PPO-TA coacervate adhesive. The polyether backbone of PPO 

can form hydrogen bonds with the hydroxyl groups on tannic 

acid, which can herein promote the liquid-liquid phase 

separation. Considering that both PPO 400 g mol-1 and TA can 

be readily dissolved in water up to 40 wt.%, one can simply 

obtain a large amount of this adhesive all at once (Supporting 

Information, S2). Based on a preliminary examination, a 1:1 

weight ratio between PPO and TA was found to be optimal, i.e., 

having one component in excess seems to weaken the 

underwater adhesion (Supporting Information, S3). The PPO-TA 

adhesive was found to provide instant underwater bonding 

Department of Chemistry, Technical University of Denmark, 2800 Kgs. Lyngby, 
Denmark. E-mail: esth@kemi.dtu.dk 
Electronic Supplementary Information (ESI) available: Materials and methods, effect 
of polymer concentration and molecular weight on adhesion, underwater adhesion 
test setup and method, demonstration of bonding different materials (video). See 
DOI: 10.1039/x0xx00000x†  
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between different materials including metal, glass, porcelain, 

and plastic (Figure 1b). 

The hydrogen bonding between PPO and TA reduces water-

solubility and provides enhanced cohesiveness, but it cannot 

ensure a durable and permanent bonding. To examine this, two 

sets of adhesion testing experiments were conducted. Instant 

underwater adhesion strength was quantified in tensile mode 

between aluminum substrates (Supporting Information, S4). In 

brief, the adhesive was applied onto a substrate, a second 

substrate was brought into contact and then retracted; 

providing a force-distance curve from which the underwater 

adhesion strength (maximum measured force through 

retraction) was obtained (Figure 2a). To test the long-term load-

bearing performance, a standard lap shear test was conducted 

on the samples after being underwater for two days (Figure 2b). 

PPO-TA adhesive showed an underwater adhesion strength of ~ 

350 kPa. However, as expected, the lap shear strength after two 

days of being in water was found to be zero. To address this 

issue, we utilized the versatile chemistry of PPO derivatives, in 

particular, by using the epoxide- and amine-terminated PPO 

derivatives. 

In the first trial, diepoxide-terminated PPO (Mn ~ 400 g mol-

1) solution was mixed with tannic acid solution (1:1 ratio) to 

make a coacervate adhesive, where one could expect covalent 

bonding between the epoxide groups of PPO and the hydroxyl 

groups of TA. Herein, the underwater adhesion strength was 

found to be similar to dihydroxyl-terminated PPO adhesive. 

Nevertheless, no significant increment in the lap shear strength 

of the adhesive was found by using diepoxide-terminated PPO, 

which suggests insufficient covalent bonding between PPO and 

TA. Knowing that the reaction between epoxide and hydroxyl is 

catalyzed in alkaline conditions (pH > 10), we also tried bonding 

samples in alkaline solution; however, quite a weak lap shear 

strength was again obtained. This observation suggests that 

either the reaction was inefficient or that the high pH dissolved 

the adhesive, i.e., tannic acid can become negatively charged at 

high pH and thus may leak out.  

In the second trial, triamine-terminated PPO (Mn ~ 400 g 

mol-1) solution was mixed with TA solution (1:1 weight ratio) to 

utilize the possible cross-linking interactions between amine 

and tannic acid in the oxidized form, i.e., quinone. However, the 

precipitate made by this method was found to be in the form of 

“a granular precipitate”, not showing the fluid properties of a 

coacervate phase and thus not suitable as an underwater 

adhesive. This observation is most probably due to stronger 

interactions between amine and TA, which appear to produce a 

precipitated complex instead of a coacervate phase. Such 

interactions can be of both covalent (Schiff base and Michael 

addition) and non-covalent origins (hydrogen bonding and 

cation-π). Regardless, it is clear that the amine termini herein, 

compared with hydroxyl and epoxide end groups, can more 

strongly interact with TA. 

In the final trial, we thus designed a two-component 

adhesive system. The first component was made based on the 

coacervation of diepoxide-terminated PPO and TA. This renders 

“part A” of the adhesive that provides overall glue-like 

consistency and underwater bonding ability; yet, it cannot cure 

on its own. To make this system curable, part A was then mixed 

with an optimized amount of triamine-terminated PPO (part B).  

Herein, the amine and epoxide groups are expected to react at 

room temperature. Also, the amine groups should provide 

strong interactions with TA. The combination of these reactions 

(Figure 2d) is thus expected to enable a curable underwater 

Fig. 1 Preparation and demonstration of the underwater adhesion of PPO-TA coacervate adhesive; upon mixing the aqueous solutions of PPO and TA coacervation occurs. The 

coacervate phase (i.e., underwater adhesive) can be collected by centrifugation. The coacervate adhesive is easily injectable underwater and can bond various organic and inorganic 

materials. Note: commercial tannic acid has 2-10 galloyl groups; herein, the structure with 3 galloyl groups is shown as an example. 
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adhesive. By varying the amount of part B, It was found that a 

10:1 ratio (part A-to-part B) provides an optimum cross-linking 

effect without sacrificing the underwater bonding feature. The 

two-component adhesive demonstrated an enhanced 

underwater adhesion strength (~ 500 kPa), which can be due to 

the higher cohesiveness of the system. More importantly, the 

two-component adhesive could cure underwater, i.e., a lap 

shear strength of ~ 4-5 Mpa was obtained after being in the 

water for two days. Notably, we also tested a mixture of 

diepoxide-terminated PPO and triamine-terminated PPO as the 

negative control sample. Herein, despite the possible 

crosslinking of the polymers, no underwater bonding strength 

was found, also the lap shear strength was negligible. This 

observation suggests that the presence of TA in the adhesive, 

and its coacervation with PPO, is essential to both underwater 

bonding and crosslinking/curing. 

Lastly, the two-component adhesive was benchmarked 

against a commercial underwater epoxy adhesive, i.e., Mr 

sticky's underwater glue. Herein (Figure 2c), the lap shear 

strength of the adhesives was compared for samples cured in 

air for two days, and samples cured in water for two and five 

days. Overall, it can be concluded that the two-component 

adhesive shows commercial level lap shear strength in both dry 

and wet states. Notably, the commercial adhesive seems to 

weaken with the time being in water. On the other hand, our 

adhesive demonstrated an increased lap shear state after being 

in water for five days, which may be due to further cross-linking 

of the adhesive through galloyl (which may oxidize with time 

being in water) and the amine groups. 

In summary, PPO-TA coacervation renders a tacky material 

with underwater bonding functionality. Like other coacervates 

driven by physical interactions (hydrogen bonding and ionic 

interactions), this coacervate can provide an instant tackiness 

underwater, but cannot produce a durable bond with load-

bearing capacity. However, by using the coacervate of 

diepoxide-terminated PPO and TA as part A, and triamine-

terminated PPO as part B (hardener), a curable, waterproof, 

underwater adhesive was obtained. Functionality aside, this 

adhesive also has favorable environmental and health aspects, 

such as being partly bio-based (i.e., TA content) and relatively 

safe (i.e., both TA and PPO are considered non-toxic). The 

environmental footprints of such an adhesive though can be 

Fig. 2 Adhesive properties of hydroxyl-terminated PPO-TA coacervate, epoxide-terminated PPO-TA coacervate, two-component adhesive (epoxide-terminated PPO-TA coacervate 

+ amine-terminated PPO), negative control (epoxide-terminated PPO + amine-terminated PPO), commercial benchmark (Mr. sticky’s underwater adhesive); (a) underwater tensile

strength, (b) lap shear strength after 2 days curing in water, (c) lap shear strength after 2 days curing in air, 2 and 7 days curing underwater, for two-component adhesive and the

commercial benchmark, (d) preparation and schematic illustration of the two-component adhesive.
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further minimized by using PPO derivatives obtained from 

renewable resources, also by substituting the short-chain amine 

hardener with water-soluble natural polyamines such as 

polylysine. Overall, the versatile chemistry of the components 

and the facile preparation methods herein allow designing 

various adhesive systems with desired functionalities suitable 

for applications in underwater/offshore operations. 
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S1 Experimental Section  

Materials: Poly(propylene oxide) (hydroxyl-terminated, PPO, Mn ~ 425 g mol-1) and 

poly(propylene oxide) diglycidyl ether (Mn ~ 380 g mol-1) were purchased from Sigma Aldrich. 

Triamine terminated poly(propylene oxide) (Mn ~ 400 g mol-1) was purchased from Alfa 

chemistry. Ultrapure water (Arium Pro UV water purification system) with a resistivity of 18.2 MΩ 

cm-1 was used for all experiments. 

Adhesives preparation: PPO-TA coacervate adhesives (for Figure 1) were prepared by mixing PPO 

(hydroxyl-terminated) and TA aqueous solutions at 4 oC in a 1:1 weight ratio. The mixture was 

then centrifuged at 6500 rpm for 5 min to collect the PPO-TA coacervate phase. To make the 

curable adhesive, first, diepoxide-terminated PPO (5 wt. %) solution was mixed with TA solution 

(5 wt. %) in a 1:1 ratio at 4 oC, whereby the coacervate phase was collected by centrifugation, 

labeled as “part A”. This coacervate adhesive was then mixed with triamine-terminated PPO (part 

B) in an optimized ratio of 10:1.     

Testing: An underwater adhesion test (Instron 345c, 50 N load cell) was conducted on the 

aluminum surfaces in deionized water. The adhesive was applied using a syringe onto the bottom 

cylinder (diameter 2 cm) underwater, then the upper cylinder (diameter 1 cm) was lowered 

(vertical approach step) at a constant speed of 20 mm s-1 until contact was made (setpoint: 5, 10, 

15 N), followed by a certain contact time (0.5, 1, 2, 5 min). Next, the upper cylinder was retracted 

at a speed of 1 mm s-1, and a force vs. distance plot was collected. For each experiment, ten 

specimens were tested.  

Lap shear test (Instron 345c, 2 kN load cell) was operated according to a modified ASTM D1002 

standard. Adhesive joints were prepared on aluminum substrates (12 mm × 50 mm) with an 

overlap area of 12 mm × 12 mm. The substrates were polished and cleaned with acetone before 

applying the adhesives. The adhered substrates were clamped and left at room temperature (2 

days) or in water (2 and 7 days), and then the lap shear strength was measured. For each 

experiment, five specimens were tested.  
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S2 Demonstration of Scalability  

Using the low molecular weight hydroxyl-terminated PPO (400 g mol-1), one can easily dissolve 

up to 40 wt. % polymer in room temperature water. Mixing this solution in equal weight parts 

with 40 wt. % TA solution (Figure S1) provides a relatively large amount of the coacervate 

adhesive all at once. 

 

Figure S1. coacervate of PPO-TA obtained after mixing and over-night standing of the PPO (40 wt. 

%, 25 g) and TA (40 wt. %, 25 g) aqueous solutions 
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S3 Different Mixing Ratios 

PPO and TA solutions of varying concentrations (2.5-40 wt. %) were prepared and mixed in 

different combinations (Figure S2). First, no clear coacervation was observed when one 

component was significantly in excess. For instance, mixing PPO 40 wt. % with TA 2.5 wt. % and 

vice versa. In other cases, it was observed that a 1:1 weight ratio seems to provide the optimal 

adhesive properties (Table S1).  

 

Figure S2. PPO-TA coacervation; different concentrations mixed in a 1:1 weight ratio 
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Table S1. underwater adhesion force (KPa) of PPO-TA coacervate adhesive; different 

concentrations mixed in a 1:1 weight ratio 

 TA 2.5% TA 5% TA 10% TA 20% TA 30% TA 40% 

PPO 2.5% 218 ± 55      

PPO 5%  312 ± 84     

PPO 10%   264 ± 34 201 ± 45 237 ± 77 146 ± 41 

PPO 20%   129 ± 15 228 ± 53 200 ± 25  

PPO 30%   167 ± 42 143 ± 22 234 ± 50 204 ± 38 

PPO 40%    109 ± 24 189 ± 53 353 ± 36  
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S4 Underwater adhesion test  

Figure S3 shows the custom-made setup used for measuring the underwater adhesion strength 

of the adhesives. Figure S4 shows a typical force-distance curve obtained from such a 

measurement. Herein, for one of the adhesives, the effect of contact time and contact pressure 

was partly investigated, to find out the appropriate testing parameters. Accordingly, a contact 

force of 10 N and a contact time of 1 min were selected for all the subsequent measurements.  

 

 

Figure S3 custom-made setup used for testing underwater adhesion 

 

 

Figure S4 (a) typical force-distance curve, (b) effect of the variation in the contact force for a 

constant contact time of 60 s on underwater adhesion strength, (c) effect of variation in the 

contact time for a constant contact force of 10 N on underwater adhesion strength 
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S5 Effect of PPO MW  

Hydroxyl-terminated PPO is commercially available in different molecular weights (~ 400-4000 g 

mol-1). With increasing the MW, it was observed that the collected coacervate becomes 

significantly more viscous and less practical for surface application. In terms of adhesion strength, 

PPO with a molecular weight of 1000 g mol-1 appears to provide the optimal adhesive strength. 

In this study though, PPO 400 g mol-1 was used for all measurements considering its favorable 

solubility in water and the availability of PPO 400 g mol-1 with epoxide and amine-terminations.  

 

 

Figure S5 underwater adhesion force measured for PPO-TA coacervate adhesives of different 

molecular weights (400-4000 g mol-1) of PPO 
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