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Abstract 

Controlling biomolecule-surface interactions with nano- and micro-engineered surfaces is of 

great interest in biomedical applications such as tissue regeneration and biosensing platforms. 

Developing high-performance functional bio-interfaces for cell-surface or protein-surface 

interactions necessitates optimizing the interface by modifying material surface variables. 

Surface gradients are a category of combinatorial technique that enables monitoring and high-

throughput optimization of biomolecule-surface interactions by providing a gradually varying 

surface parameter(s) on a small scale and across an extended area length. It is elaborated that a 

surface gradient not only greatly reduces the required time and labour of conducting numerous 

separate experiments for producing several distinct samples but also minimises the inter-batch 

errors associated with. In this context, multigradients are particularly promising for advanced 

bio-interface optimisation since they incorporate two or more separate gradients that evolve 

independently across different directions. While gradients have been vastly studied in past two 

decades, reporting different surface gradients of chemistry, topography, or mechanical nature 

in either nano or larger scales, there have been few studies on multigradients, due to the limited 

operational flexibility required for generating more than one gradient on the surface.  

First, plasma technologies were explored for establishing a suitable fabricating method for 

generating spatial variation of surface chemistry along a direction. Both the mask-assisted static 

and maskless dynamic deposition were examined via two different plasma technologies, 

namely atmospheric pressure plasma and low-pressure plasma. Depending on the electrical 

conductivity of the chosen substrates and the nature of the coatings, different surface 

characterisations were performed on the generated samples. Surface chemistry, surface 

morphology and wettability properties of the treated surfaces were mainly investigated. As a 

result, two chemistry gradients were reported; first, an oxygen-functional chemistry gradient 

deposited with a single-step approach via a programmed corona discharge based on the 

polymerisation of HMDSO with varying flow rates of oxygen. The chemistry gradient 

consisted of 7 deposition conditions spanning between mostly organic and inorganic coating 

also exhibiting the surface energy gradient along a polyethylene foil with length of 10 cm. The 

surface morphology was also altered as oxygen level was increasing, leading to mild gradual 

surface roughening. Second, a nitrogen-functional chemistry gradient with the specific feature 

of enhanced water stability was reported via polymerisation of ethylene with gradually varying 

ammonia flow rates using a mask-assisted static deposition approach with low pressure 

capacitively coupled radio frequency plasmas. A smooth coating exhibiting a chemistry 



4 
 

gradient consisted of four deposition conditions, and a subsequent surface energy gradient was 

achieved along 1 cm width of a 2x1cm Si chip.  

Following that, a versatile experimental setup was presented for developing the next class of 

surface gradients, the structural or topography gradients, which benefited from a rational design 

and soft lithography. As a result, a total of 4 topography gradients were reported, two of which 

were stochastic density gradients and the other two being periodical nanocluster density and 

periodical size gradients. The gradient was formed based on time-dependent incubation of the 

functionalised material surface with the chosen precursor and electrostatic interactions between 

the two. The main experimental inputs were the precursor flow rate, dimension of the 

experiment chamber and dimension of the substrate. For material surface functionalisation, 

various classes of chemistries were employed, including aminosilane monolayers, cross-linked 

plasma polymer, and copolymer templates for developing either stochastic or periodic 

arrangements of the surface features. The kinetics of incubation of each functional surface was 

monitored with real-time QCM before gradient formation allowing a prediction of surface 

coverage and all the generated gradients were investigated for their surface morphology. The 

obtained micrographs and the respective experimental plots and theoretical fittings confirmed 

the successful formation of stochastic and periodical topography gradients. Surface-enhanced 

Raman spectroscopy (SERS) studies revealed the high potential of gold nanocluster density 

gradients for SERS-based biosensing applications. However, despite exceptionally strong 

SERS signals recorded on the nanoparticle density gradient (generated on the plasma polymer 

template), the SERS response diminished at some spots along the surface, revealing a 

noncontinuous SERS variation. Meanwhile, gold domes did not demonstrate any enhancement 

as a function of size variation. 

 Wettability analyses were performed selectively on the stochastic gold nanoparticle density 

gradient utilizing both the experimental sessile drop method and theoretical modelling to 

investigate the probable wetting regime. The theoretical modelling indicated good agreement 

with the experimental WCAs and indicated Wenzel, full wetting regime.  

As the ultimate objective, an orthogonal surface gradient was presented.  The approach was 

based on depositing the previously reported nitrogen-functional chemistry gradient in a 

perpendicular direction over the unidirectional stochastic gold nanoparticle density gradient.  

As confirmed by XPS and ToF-SIMS, the surface chemical composition was retained after 

coating and did not change due to the presence of the underlying conductive gold nanoparticle 

layer. The surface morphology was significantly altered after being coated with the top plasma 
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layer, demonstrating an overall decreased roughness variation compared to the unidirectional 

nanoparticle density gradient. Furthermore, the surface wettability variation was significantly 

lower when compared to the wettability variation scale of the integrated unidirectional 

gradients.  
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Major Aims and Scope of the Thesis 

The project is aimed at demonstrating the significance of using surface gradients as a new type 

of optimization tool for developing a functional bio-interface. The research effort initially 

focuses on identifying appropriate surface processing methods, generating chemical and 

topography gradients, and evaluating the surface properties of each created unidirectional 

gradient. Later, the possibility of combining a chemistry variable and a topography variable in 

a single surface is investigated, to retain (or possibly improve) the gradient properties of each 

individual gradient. 

The entire procedure is summarized below: 

• Identify the critical plasma parameters that allow fast deposition of a continuous gradient 

coating which display wide range of water contact angles reflecting large but gradual 

surface chemistry shift from fully inorganic to fully organic surface (oxygen content 

variation).  

• Utilise the optimised process parameters of previously investigated nitrogen-functional 

plasma-polymerised coatings with high water resistance features to form a chemistry 

gradient coating with varying nitrogen content. 

• Exploit adsorption isotherms obtained from real-time QCM to design an experimental 

scheme that allows using time as a controlling factor in order to tune surface density of 

the adsorbate and develop a density gradient. 

• Demonstrate the applicability of the design (time as the controlling factor) to form 

stochastic and periodical topography gradients e.g., nanoparticle density and size 

gradients on various functional homogenous and patterned coatings. 

• Investigate potential applications of the developed topography gradients for SER-based 

biosensing platforms. 

• Develop multigradient by combing two gradient of different classes and investigate the 

conditions required for maintaining high amplitude in water contact angle variations 

along the direction of both gradients. 

 

Chapter 1 of the thesis is a comprehensive introduction and literature review including 

description of the investigated topics with discussions on the aim and applications of each. The 

topics are covered in descending trend starting from a more general look and wider perspective 
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to more focused one. Therefore, initially biosensors as analysis tools are introduced then, the 

biosensing interface and the involved dynamics. Finally, combinatorial approaches for bio-

interface modification applications are described with a specific focus on surface gradients with 

examples starting from Uni-directional gradients leading to orthogonal gradients.  

 

Chapter 2 provides all the implemented procedures for preparing functional layers, synthesis 

of nanoparticles, and gradient fabrications, as well as theoretical background and instrumental 

specifications of all the tools utilised for analysis and characterisation of the samples. 

Starting from chapter 3, each chapter is dedicated to one specific category of surface gradients, 

with a special introduction to the topic, results and discussion section and conclusion and future 

perspectives. Chapter 3 and chapter 4 represent two already published papers and chapter 5 

will be the subject of a future publication. 

 

Chapter 3 discusses the fabrication and surface properties of two Uni-directional chemistry 

gradients i.e.,1) oxygen-functional and 2) nitrogen-functional chemistry gradients generated 

using maskless approach via atmospheric pressure plasma jet and mask-assisted approach via 

low pressure glow discharge respectively. Surface chemistry characterisation results both 

elemental and molecular were reported after analysing the samples aiming to investigate the 

evolution of surface chemistry along with the deposited coatings as a result of variation in 

density and type of surface functional groups. The resulting surface wettability was also 

investigated as one of the key gradient characteristics due to a wide range of applications in 

material and biomedical fields.  

The results of the first chemistry gradient are published at: 

https://doi.org/10.1002/ppap.202000044 

 

 Chapter 4 reports on the fabrication procedure and results of two set of Uni-directional 

topography/structural gradients. After the introduction, first, the preliminary considerations 

and rational design are explained. Then the first set of topography gradients is presented as 

nanoparticle density gradients in two separate subcategories of stochastic and periodical 

gradients.  

The first section includes the results for stochastic gradients using two homogenous amine-

functional functional coatings based on i) self-assembled monolayers and ii) plasma 

https://doi.org/10.1002/ppap.202000044
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polymerised bilayer thin film on one hand, and results of periodic gradient, using the block 

copolymer templates on the other hand.  

Then, the second section was presented as nanoparticle size/dimension gradient fabricated 

based on time-dependent in situ growth of inorganic nanoparticles using the previous 

copolymer template. 

In this chapter, gradient properties are provided after evaluating the gradients with surface-

enhanced Raman spectroscopy and wettability analysis. The theoretical wettability equations 

are demonstrated after modelling the surface topography of the stochastic density gradient on 

plasma polymerised bilayer aiming to investigate the relation between the observed wettability 

values along the gradient with other surface variables i.e., chemistry and roughness. 

The results of the first set of topography gradient, the Unidirectional nanoparticle density 

gradients, are published at: https://doi.org/10.1016/j.apsusc.2021.151763 

 

Chapter 5 reports a gradient developed by combining two independent variables of a different 

kind (i.e., chemistry gradient and topography gradient) in one sample to form 2D or orthogonal 

gradient. The aim was to demonstrate that, while the new gradient is formed with the same 

approaches as those used to form the individual representative unidirectional gradients and 

despite surface displaying very similar chemical properties, the wettability characteristic of the 

new gradient is fully altered due to change in surface topography (morphology, roughness). 

Therefore, it was suggested that the thickness of the top coating (chemistry gradient) could be 

optimised to maintain similar wettability variation trend as the underlying unidirectional 

gradients while the durability of the coating in aqueous media is largely preserved. The 

optimised coating would also maintain the SERS activity of the underlying gold nanoparticle 

gradient to some extent. This would be the subject of further future investigations. 

 

 

 

 

 

 

https://doi.org/10.1016/j.apsusc.2021.151763
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Chapter 1:  Literature review 

1.1 General introduction 

The main objective of this chapter is to provide a brief introduction to biosensors as a tool, 

before focusing on bio-interfaces, which are the key and most complex components of a 

biosensing device, with a specific emphasis on the necessity of optimising them. The last part 

will deal with surface graded bio-interfaces, the main topic of the subsequent chapters. Chapter 

2 will present the processes and characterisation tools used for surface-graded bio-interfaces; 

chapter 3 will discuss the surface chemical gradients specifically developed in this work; 

chapter 4 will present the surface nanotopographical gradients obtained in this work and finally, 

chapter 5 will show some examples of 2D orthogonal gradients combining surface chemical 

gradients with nanotopographical gradients. 

 

1.2 Biosensors 

In recent decades, biosensors have emerged as the new generation of bioanalytical devices and 

have rapidly garnered significant attention due to their compact design, versatility and ease of 

application where accuracy and speed in detection are essential. The existence of several 

commercialised biosensors and the increasing interest in them prove their success over well-

established classic analytical devices, which require centralised laboratory settings, 

considerably high instrumentation costs, a complicated interface, and well-trained operators.  

Portable biosensors can play a vital role, especially where rapid screening tests are required in 

remote areas with poor accessibility to clinical facilities.  

 

A typical biosensing device consists of the following components (Figure 1): 

 

I) A receptor, which selectively binds and recognises the targeted analyte/pathogen. 

A typical biosensor utilises one or a combination of several bioreceptors which are 

classified as antibodies, enzymes, whole-cell, nucleic acids, aptamers, etc. The 

name of a biosensor will also reflect the choice of bioreceptor, for instance, 

immunosensors are biosensors in which antibodies are the main sensing agents.  

II) An interfacing surface (bio-interface), which provides a platform for sensing and 

where the receptor is immobilised and brought into contact with the analyte and its 

environment. The biosensing interface is a surface which is tailored for its surface 

chemistry and topography. 
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III) A transduction system to transform a sensing event into an output signal. Based on 

the information to be transduced, there are numerous types of transducers available, 

however, the most widely reported for biosensor fabrication are electrochemical, 

optical, piezoelectric, pH electrode, etc. For instance, if the mass variation is the 

information investigated, based on the binding of the analyte to its receptor, then a 

piezoelectric resonator, e.g. Quartz crystal microbalance (QCM) sensor might be 

the transducer of choice. 

IV) Series of electrical devices to process the electrical signal, amplify and visualise the 

results, and a software, display and control interface. 

 The following scheme presents different components of a typical biosensor: 

 

Figure 1. Different components of a typical biosensing device are presented with some examples for 

each component. 

 

Biosensing is a huge market with an expected compound annual growth rate (CAGR) of around 

8% from 2016 to 2026. In 2020, the total volume was USD 22.4 billion globally and USD 6-7 

billion in the USA (Figure 3 & Figure 4). The most widely used biosensors are by far 

electrochemical ones followed by optical ones, with both growing fast (Figure 3). The main 

market is by far the medical one1, which is expected to grow in parallel to the global population 

growth. It is accompanied by healthcare demands, i.e. diagnostics and treatment for chronic 

diseases (e.g. diabetes) as well as emerging infectious pandemic diseases (e.g. COVID-19). 

Then, agriculture and the environment are the next biggest markets and have also seen a large 

increase in volume. Considering one key player in the biosensing market, Abbott, its annual 

 
1 https://www.printedelectronicsnow.com/contents/view_breaking-news/2019-07-09/global-biosensors-market-

to-register-81-cagr-through-2026-grand-view-research/ 
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sales report shows a total of $10.7 billion, with $2.4 billion dedicated to COVID-19 diagnostic 

testing-related sales in 20202. Next, population growth has implications for the environment, 

in particular, pollution caused by industrial wastewater and the need for the detection of those 

pollutants. The other market requiring attention to prevent food-borne diseases and food frauds, 

as concerns growing populations, is food contaminants. Some of the main key players in 

Europe for molecular biosensors are Abbott, Siemens, Nova biomedical, Sysmex, and 

Dynamic Biosensors. Several graphs are presented in Figure 2 indicating the volume and 

growth trend of the commercialised biosensors in the US market, based on i) type of biosensor 

and ii) field of application. The statistics and graphs are provided by 

www.grandviewrearch.com. 

 

 

 

 

Figure 2. The US biosensor market size and predicted growth trend as a function of A) application 

and B) biosensor type, are presented for the years 2015-2026 and 2018-2028 respectively. Both 

graphs are accessible via free content published at: www.grandviewresearch.com. 

 

The number of commercialised biosensors is still not equivalent to the tremendous output of 

publications in this field, especially considering that the larger share of the biosensing market 

is focused on very few types of biomarkers/analytes. However, the growing number of 

published patents in the field, as the initial output of the R&D activities and motivators of 

commercialised future biosensors is highly promising. The graphs in Figure 3 present the 

number of grants published between 2017 and 2020 based on research published by Sévérine 

Perbal from the Luxembourg Institute of Science and Technology: 

 

 

 
2 https://abbott.mediaroom.com 

http://www.grandviewrearch.com/
http://www.grandviewresearch.com/
https://abbott.mediaroom.com/
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Based on this market study, the highest patents were registered in 2020, showing an increasing 

trend from 2017. It should be noted that the lower graph corresponding to 2020 (compared to 

2019), is due to the ongoing publication process of the registered patents. The key patent 

holders were identified as Samsung Electronics, Genentech, and the University of California 

and the countries/organisations with the highest contributions were found to be the USA, 

followed by the World Intellectual Property Organisation (WIPO) and the European Patent 

Office (EPO).  

The increasing application demands from the health and food sectors, and the interest and 

authorisation from governments, as well as the ever-increasing demand for unique features 

such as miniaturisation, portability and reliability across various industries, are factors which 

could explain this increasing trend.  In fact, the commercially available sensors, with 

applications in the health sector, and lab applications all share the features of reliability, user-

friendliness and miniaturised design, as well as a reasonable price (see Figure 4) 

 

 

Figure 3. The number of globally published patents in biosensor field for 2017-2020 

are demonstrated in the bar graph. The pie chart presents the share of patent holders 

by country/organisation. 
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Figure 4. Molecular recognition event sensors are integrated into miniaturized devices to provide 

reliable and easily accessible household and laboratory sensors. 

 

The commercialisation of biosensors, like any other business, depends on research and 

development (R&D) on one hand and the market demand for the product on the other hand. 

Innovative R&D strategies are empowered with technological advancements, creating 

competitiveness with the existing old strategies (1). While utilising nanomaterials has largely 

improved biosensing performance e.g., faster signal transduction, higher sensitivity, lower 

detection limit, etc., extensive multidisciplinary R&D processes, which can last for several 

years and incur high expenses, are a major drawback. For instance, a nanobiosensor in the 

medical field is estimated to take approximately 5 years and cost US$40 million to enter the 

market (2). Therefore, smart R&D strategies that establish a counterbalance between 

technology, cost and time could motivate investments and enable the commercialisation of 

nanobiosensors. 

A broad range of factors determines the overall performance of a biosensor, each needing to 

be considered separately in R&D activities. Some performance-defining criteria are the right 

selection of the receptor (e.g. the high affinity and selectivity to the targeted analyte, 

availability, ease of production, durability, reproducibility, etc.) (3) along with the 

technological advancements in the fabrication of transduction systems which impart improved 

sensitivity in detection. However, as will be discussed in detail in the following sections, a bio-

interface, being probably the most sensitive and challenging segment, plays a considerable 

defining role in the performance of a biosensor. Optimising the interface is a multidisciplinary 

challenge due to the complex nature of the interface, which requires expertise from different 

fields of chemistry, material science, engineering, etc. This platform must be optimised for its 

various surface properties, which are mainly surface chemistry (e.g. functional groups and thin 

film properties), as well as surface physical features (e.g. surface topography, mechanical 



23 
 

properties, etc.). The bio-interface needs to be optimised both for general properties, regardless 

of the bioreceptor and the transduction pathway (e.g., stability in air and a model physiological 

medium), and the very specific aspects required for a unique type of biosensor (e.g., high 

electron-transfer rate for electrochemical biosensors). With that being said, it is necessary to 

look at the bio-interface design and the potential challenges in developing and optimising a 

bio-interface in more detail.  

 

1.3 Biosensing interface 

A biosensing interface is an essential part of a biosensing device, which strongly determines  

the ultimate detection performance. Since the biointerface is integrated into the signal 

transduction section and is in direct contact with the bioreceptor/analyte pair, its development 

requires skills in the interplay between chemistry, material science, physics, and biology.  

Figure 5 is intended to illustrate the complex environment in which a bio-interface is 

positioned. As can be seen in the scheme, there are numerous important aspects/properties to 

be optimised for each component that makes up a bio-interface. The complexity is due to the 

numerous variables involved, which might potentially impact the detection output. Taking 

material surface as an example, there are numerous characteristics which are tailored according 

to the choice of bio-receptor, analyte, and the transduction system. For instance, if a pathogen 

should be able to be detected using an electrochemical immunosensor, the choice of substrate, 

i.e., the electrode surface as well as the surface chemistry, is dictated by using electrically 

conductive materials that accelerate electron transfer. Biocompatibility is also clearly an 

essential requirement for the bio-interface material regardless of all the biosensor types and 

application. Also, the selected surface chemistry and topography should ensure the optimal 

density of the immobilised receptor (antibody in this case) which retains the function of the 

probe and allows the binding of more analytes. On the other hand, based on the transduction 

pathway, the bioreceptor must be labelled with an electro-active signal-transducing tag or an 

equivalent.  

In the following sections, the general steps involved to achieve a fully functional bio-interface 

are introduced in chronological order. 
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Figure 5. The bio-interface is a surface located at the intersection of four elements: material surface, 

transducer, analyte and probe. As can be seen, each element includes many features and parameters 

that play either an independent or concurrent role. Every single parameter is a factor that defines 

the output of the bioassay or generally a biomolecule-surface interaction. This illustrates how 

unrealistic it is to precisely foresee the behaviour of such a complex system, underlining the need for 

the optimisation of the interface considering as many parameters as possible. 

 

 

1.3.1 Biosensing application 

As illustrated in Figure 6, the detection strategy is designed depending on the targeted end 

application, and the biointerface is processed and optimised in order to develop a functional 

bio-interface. 

 When defining the end application, the following main questions are addressed: 

- -What is the analyte (e.g., chemical, disease biomarker, bacteria, etc.) and the sample 

size to be detected? 

- Where will the device be used? e.g., industry, clinical lab, home, remote rural locations, 

etc. This would define the degree of robustness, complexity, durability, compactness, 

portability, etc. 

- What is the area of the bio-interface considering the analyte size and the transduction 

system? Bacteria and cells require a bigger surface area (up to several microns) while 

small chemical toxicants occupy a much smaller area (sub nanometres). For example, 

e.g. SPR transduction 
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a nanosized field-effect transistor surface requires only nm2 coverage with the bio-

receptor while conventional electrode surfaces for electrochemical detections require 

mm2 surface coverage. 

- What should the characteristics of the surface be in terms of chemistry and topography? 

This question is accompanied by many relevant sub-questions e.g. what surface 

chemistry and chemical interaction is preferred to immobilise the bio-receptor on the 

surface?  

 

 

Figure 6. The pathway toward fabricating a highly performing functional bio-interface is illustrated. 

The process starts from the i) end application and then moves on to ii) designing the sensing interface 

followed by iii) selecting the right material and processing approaches to implement the design and 

finally, iv) analysing the bio-interface and taking iterative approaches (going back and forth between 

the second and third stages) until the desired optimisation is achieved. 

 

Also, besides biocompatibility and bio-receptor immobilisation, a bio-interface should be 

tailored based on the transduction approach, e.g. if it is employed for optical transduction, a 

bio-interface surface material must be optically responsive. Meanwhile, for bio-interfaces 

developed for cell studies, surface topography and surface mechanical properties (stiffness, 

etc.) are usually switched to promote specific cell behaviours. The topography variation 
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combined with chemistry variation are combined to tune the surface wettability characteristic 

which is a key surface property for many biomedical investigations.  

1.3.2 Detection design 

After defining the end application and before starting to process the bio-interface, the detection 

scheme needs to be designed in terms of the required surface chemistry, surface topography 

and biological elements, as the three key players of a functional bio-interface. The properties 

and impact of each three items are briefly described in the sections below. 

1.3.2.1 Surface chemistry 

The surface is chemically modified by coating, activating or introducing specific functional 

groups/substances to the substrate surface, which can be organic, inorganic or hybrid organic-

inorganic. The surface chemistry is modified to impart specific characteristics or functions to 

the bio-interface. Surface chemistry is usually tuned to: 

• Immobilise the bio-receptor: 

One challenge of developing a bio-interface is immobilising the bioreceptor, which can be of 

a different nature. Immobilising the protein-based bioreceptors, such as enzymes and 

antibodies, requires either covalent bonding or strong electrostatic interactions with the 

functional groups on the surface. Meanwhile, the protein-surface interaction has an indirect 

implication for cell studies. For instance, for over two decades, the interaction of adhesion-

promoting proteins such as fibronectin and vitronectin with various surfaces of gradually 

varying chemistry (hence wettability) has been ongoing to unravel cell-surface interactions (4).  

Taking antibodies as an example, while increasing the number of antibody receptors on the 

surface is desirable, the necessity of improving the orientation of the antibody cannot be 

overlooked. It is possible to guide and control the orientation of antibodies by tailoring surface 

chemistry. This is carried out either through surface functionalisation with chemical groups to 

modify hydrophobicity and surface charge and/or the pre-treatment of the surface with specific 

proteins (i.e. proteins A and G), which favour immobilisation of the antibody through the Fc-

fragment (5).  

• Integrate the surface with the transduction section 

Since the modified surface interfaces the substrate and the transduction system, the surface 

coating should be adopted based on the chosen transduction pathway. For instance, for 

electrochemical biosensors, electrochemically active coatings are essential and for optical 

transduction, optically active coatings. 
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• Impart biocompatible properties 

Every bio-interface requires some general and some specific mechanical properties depending 

on the application. One general requirement for every material that will be in contact with 

biological elements is its bio-compatibility, meaning that it should not alter the function of 

biological elements. Meanwhile, biomaterials which are employed for medical applications and 

intended to be directly in contact with the body for regenerative or restorative approaches may 

also be required to be non-toxic, biologically active or biologically inert, etc. 

• Stability of the biosensing interface 

As biosensing is usually conducted in an aqueous medium, maximising the stability in water 

and the specific pH of the sensing environment is essential for the top-coating, especially for 

water-soluble polar chemical functional groups. Also, the top coating should be durable while 

being stored in the air and ambient temperature conditions. 

• Mechanical properties of biomaterials for medical applications 

Depending on the targeted application, specific mechanical properties are critical for the proper 

functioning of biomaterials. For instance, when developing biomimetic tissues, such as 

scaffolds for bone tissue engineering, some mechanical properties such as elasticity, stress 

resistance, fracture resistance, fatigue, etc., are tailored to match the organ site that they will 

be implanted in (6). 

• Modulating surface wettability 

Surface wettability is a function of two surface characteristics, surface chemistry and surface 

topography, which can be either modified individually or together to impart the desired 

wettability. Treating a surface with strongly polar groups (carbonyl, carboxylic, etc.) with high 

density increases surface energy and consequently, a water droplet interacts strongly with a 

surface leading to the partial or full spreading of the droplet after contact with the surface. 

Reversely, apolar groups (e.g., fluorinated functional groups) decrease in surface energy 

causing water molecules in droplets to condense and strongly bind to each other. As a 

consequence, the water droplet is partially or fully repelled from the surface. Surface molecules 

with moderate polarity or moderate apolarity, are positioned between these two extreme cases 

which induce moderate hydrophilicity or hydrophobicity respectively. Many processes in the 

biomedical field that rely on surface adsorption (physisorption, chemisorption, etc.) are 

influenced by surface wettability. For instance, it has been observed that surface chemistry, 

combined with surface nanotexturing, affects bioreceptor immobilisation by altering the 

wettability of the surface (7). 
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1.3.2.2 Surface Topography 

Surface topography is the next defining property in developing bio-interfaces and has several 

implications for biomedical applications. Surface topography is often switched to: 

• Allow the investigation of cell behaviours 

It is demonstrated that the engineering nanoscale surface feature (protuberance), which has a 

similar size to the cell adhesion receptors, triggers signalling pathways mediated by integrins 

(the adhesion receptors on tip of filopodia) (8). For instance, in several cell studies using a 

surface nanopillar with different height values generated with lithography techniques, it was 

shown that the focal adhesions of density, maturation, cytoskeletal organisation, cell 

morphology and cell spreading are influenced by the height of the pillars (9, 10). The spacing 

between surface structures can also affect cells and trigger specific behaviours in different types 

of cells. This can be attributed to the size of microvilli or pseudopodia and can be tuned for 

optimum cell spreading and orientation (11). Other studies on the impact of interpillar 

properties on the differentiation of various stem cells proved the impact of the nanopillar 

spacing on the polarisation of the cell body, the extension of cellular projection and the 

alignment of these projections (12).  

The other important feature of the surface protuberances is the aspect ratio, which defines the 

stiffness/rigidity of structures and may provoke a different response manifesting in the 

morphology of stem cells such as stretching and elongation (13). There is a recent report on 

fabricating pillar arrays with a gradient of pillar properties (size, height, density), which vary 

independently (14). This and similar studies are particularly promising for cell studies and the 

development of biomaterials for tissue regeneration, as well as implant applications. 

• Improve the density of bioreceptors  

The 3D structure of surface topographies offers more binding sites for bio-receptors compared 

to the plane surface, especially nanostructures owing to their higher surface-to-volume ratio 

which enhances the surface area for anchoring a higher number of bio-receptors, which in turn 

enhances the sensitivity of detection. Besides the density of bioreceptors, for successful 

biorecognition, immobilisation (whether implemented through physical adsorption or covalent 

binding) should ensure bioactivity (especially in the case of protein bioreceptors), which 

requires the retention of their native conformation and the right orientation on the surface (15). 
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• Enhance transduction sensitivity  

Besides the implication of surface protuberance for cell studies, surfaces modified with 

controlled nanoscale surface features are employed for biosensing applications. For instance, 

the spacing between plasmonic noble nanoparticles is tailored to transduce the sensing output 

through a plasmon coupling effect. Hotspots generated by closely packed nanostructures 

benefit by achieving such a low sensitivity that a single molecule can be detected (16) and can 

be also adapted for biosensing applications (17). Besides the interparticle/inter-structure gap, 

the size (18) and morphology (e.g. the shape of nanoparticles) (19) of the features affect the 

magnitude of field enhancement, and hence, can influence detection sensitivity. For instance, 

in a systematic study of the effect of surface topography on the biosensing output, the 

correlation between the size of the gold nanoparticles, on a surface with closely-packed 

particles, and the sensitivity of the biosensing output was studied using nanoparticles with 

varying dimensions. The highest optical response to refractive index variations of the 

surrounding medium upon introducing Streptavidin was observed for a nanoparticle of around 

40 nm in size (20). 

 

• Controlling wettability 

One other way to control the surface-biomolecule interaction is to tune surface roughness 

properties (e.g., roughening the surface) either on their own or in combination with varying 

surface chemistries to impart the desired wetting characteristic, which either enhances or 

inhibits the interaction of specific biomolecules with the surface.  

 

1.3.2.3 Biological elements 

Biological elements intended to selectively bind and recognise specific analytes can be divided 

into two categories of natural and synthetic receptors. While enzymes, antibodies, nucleic acids 

and cells are natural receptors, aptamers are regarded as synthetic or biomimetic receptors. 

The choice of receptors for specific detection applications depends on several aspects e.g., 

selectivity, availability, cost considerations, stability in specific temperature and pH conditions, 

etc. For instance, in a study focused on developing nanophotonic Label-Free Biosensors for 

detecting Covid-19, in order to select the right detection strategy between the potential 

candidates i.e. genomic detection (based on using e.g. DNA), intact virus detection (e.g. 

antibodies, aptamers, etc.) and serological assays (e.g. using viral lysates), and accordingly, the 

right bio-receptor type, several comparisons were carried out with some of them summarised 

below (21):  
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• Specificity or selectivity 

Antibodies have proven to have high selectivity and high binding affinity to the target. 

• Costs of production 

The antibodies are proven to be more costly than Recombinant antibody fragments, glycans 

and aptamers. 

• Lower detection limits (sensitivity) 

The Tagged stem-loop probes, amplification plus DNA probes have been highlighted as those 

with the lowest sensitivity. 

• Stability  

DNA probes have been highlighted as being more stable than protein probes. 

• Ethical aspects 

Antibodies require the use of animals while recombinant antibody fragments and aptamer 

receptors do not require the use of animals for production. 

The abovementioned aspects, along with the optimal quantity of probe to be immobilised, 

surface immobilisation strategy and the required reagents, balance between high surface 

coverage and steric hindrance, etc., must be investigated when designing a detection strategy. 

 

1.3.3 Surface processing 

1.3.3.1 Choice of substrate 

The choice of the substrate is usually defined by: 

 i) the transduction technique (type of biosensor), which will be utilised for detection:  

While Si wafers are usually adaptable substrates of choice for developing the biosensing 

interface, some techniques require the use of specifically designed substrates. For instance, for 

developing optical plasmonic substrates, the Si substrate must be developed with a plasmon-

active material i.e. either a thin noble metal e.g. gold for fabricating a typical surface plasmon 

resonance (SPR) biosensing bio-interface or noble metal nanomaterials for biosensing based 

on surface-enhanced Raman scattering and surface-enhanced Fluorescence spectroscopy 

techniques. 

Chips for some transduction techniques are also commercially available. For instance, for the 

QCM transduction technique, a specific round chip including the quartz resonator is available. 

Also, electrochemical transducers are usually conductive metallic electrodes with a surface 

modified with electro-active materials such as metallic nanoparticles, quantum dots, graphene, 

etc. 

ii) the characterisation techniques, which foresee the use of: 
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Optical surface characterisation and imaging techniques e.g. optical microscopes, usually 

require the use of an optically transparent substrate e.g. glass. Therefore, even if the Si is the 

material of choice, the same modifications can be applied separately on a glass substrate and 

used for optical characterisations. Unlike optical imaging and characterisations, for several 

surface chemistry characterisation techniques such as XPS, TOF-SIMS, as well as electron 

beam microscopy, electrically conductive materials such as intrinsic Si are required. On the 

other hand, techniques such as ATR-FTIR and Helium Ion Microscopy (HIM) can be 

implemented on both conductive and non-conductive materials. 

1.3.3.2 Surface chemistry modification 

Numerous techniques have been developed for tuning the chemistry of the surface without 

affecting the bulk material properties. This is accomplished by introducing organic or inorganic 

molecules/substances in the form of a monolayer, polymeric thin films, nanoparticles, etc. (see 

Figure 7).  

• Thin film coatings: 

Thin films are thin layers of coatings, which are deposited on a substrate with a thickness 

usually varying from the nanoscale up to a few micrometres. These coatings are developed 

with the desired surface properties e.g. surface functional groups for immobilising 

molecules/biomolecules and/or are utilised as a platform to initiate reactions. As illustrated, the 

thin layer can be a metal, composite, compound (e.g. oxides) or polymer (e.g. plasma-

polymerised) nature. Thin films are extensively investigated as a layer to protect the bulk 

material or impart the desired chemical or topographical properties without affecting the bulk 

material. The main advantage of these techniques is the flexibility in the choice of the substrate 

to deposit.  Thin film deposition techniques can be implemented via i) physical (PVD) vapour 

deposition, ii) chemical vapour deposition (CVD) and iii) solution-based techniques 

(electrochemical, dip-coating, spin-coating, sol-gel, chemical bath deposition, etc.) (22).  

i) PVD is usually used to deposit metallic layers on the surface by depositing atoms after 

evaporation or sputtering. In the evaporation method, after vaporising the bulk material, the 

vapour of atoms is transferred to the vacuum chamber and condensed on a substrate generating 

a thin film layer, which is adhered to the substrate (23). PVD techniques include ion plating, ion 

implantation, sputtering and laser-surface alloying (23). PVD is well-suited to the deposition 

of inorganic, and especially metal, layers on conductive substrates. 

ii) Gas or vapour-phase surface functionalisation with mainly organic coatings, and chemical 

vapour deposition (CVD), encompasses a vast variety of techniques each adapted for a specific 

https://www.sciencedirect.com/topics/engineering/ion-implantation
https://www.sciencedirect.com/topics/engineering/ion-implantation
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application. Some of the CVD techniques that are exploited to deposit conformal, substrate-

independent polymeric coatings with modifiable fouling behaviours are plasma-enhanced 

CVD (PECVD) and initiated CVD (iCVD)/photoinitiated CVD (piCVD). (24). Atomic layer 

deposition (ALD) is the other innovative gas-phase technique used to apply inorganic surface 

functionalities (metallic compounds, nanostructures, oxides, etc.) with atomic-level control via 

vapour-phase and successive surface reactions (25). While it is possible to fabricate more 

advanced coatings via CVD with high flexibility of the surface functional groups, the 

disadvantage of this is the need for rather complex and costly instrumentation especially 

compared to conventional solution-based techniques. 

iii) Classic solution-based techniques (e.g., spin coating and dip-coating) use a setup mainly 

based on casting the solution, including the deposition material, on a substrate followed by 

solvent evaporation or curing step. These techniques can be carried out with simple automation, 

without using costly instrumentation (e.g., vacuum systems) and can be implemented on a 

variety of substrates. The other popular solution-based surface functionalisation technique is 

the electro-deposition of functional organic and inorganic materials, e.g. deposition of carbon 

Reduced Graphene Oxide thin films on sensor surfaces (26).  

 

 

 

Figure 7. Several popular pathways to impart chemical functionality to a surface. 

 

• Self-assembled monolayers (SAMs) 
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These coatings are monolayers of molecules that spontaneously assemble on the surface 

through either electrostatic bonding or other chemical interactions (e.g., chemisorption). These 

monolayers are advantageous due to them offering ordered and well-defined surface chemistry 

yet is limited to the choice of substrate (e.g. thiolated alkanes are applied to metallic surfaces 

like gold and silver and, silanes are applied to oxide surface such as silica) and the need for 

employing organic solvents.  

SAMs are tailored according to the substrate type in the tail of the molecule where it is anchored 

to the surface and a vast selection of functional groups may be added to the other end (head) 

of the molecule, where biomolecules are immobilised. SAMs are very important for controlling 

the orientation of the binding biomolecules, protecting them against denaturation by shielding 

them from the substrate surface and preventing the non-selective adsorption of proteins on the 

substrate surfaces (27). Frequently, SAMs are deposited via solution-phase techniques, vapour-

phase techniques or the molecular-layer deposition (MLD) method as an alternative to 

conventional vapour-phase deposition (28).  

 

• Surface-tethered polymers (polymer brushes) 

Polymer brushes are a popular class of surface-tethered materials that have been extensively 

investigated to switch solid surface properties. The polymeric changes are grafted onto a solid 

surface through different pathways. For instance, end-modified chains can bind to the 

functional groups present on the modified surface (the graft to approach) or polymerisation can 

be directly synthesised from the surface (the graft from approach) via anionic, cationic and free 

radical polymerisations, etc. after applying initiator groups on the substrate (29). 

Despite similarities with SAMs, polymer brushes offer higher design flexibility (e.g. possibility 

to tailor their molecular weight, graft density, etc.) and a higher density of functional groups 

owing to their three-dimensional (3D) structure and accordingly, the possibility of binding with 

more numbers of biomolecules per unit area than the 2D SAMs with confined reactivity (30). 

 

• Surface activation 

Activation is usually regarded as a surface pre-treatment process which is carried out before 

the surface is coated or an experiment being conducted on the surface. It is intended to make 

the surface ready for a reaction either by cleaning or improving some surface properties 

(oxidising the surface). Classic techniques include the immersion of the substrate inside piranha 

solution (1:4/H2O2:H2SO4), UV ozone treatment or plasma activation (i.e., reactive ion 

etching). 
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These techniques modify the surface temporarily, meaning that the original surface is readily 

recovered after some time. Furthermore, the selection of chemical groups that can be imparted 

to the surface using these techniques is limited.  

 

• Nanoparticle assembly 

Metallic nanoparticles and especially noble metal nanoparticles are utilised in biosensor design 

for multiple applications, owing to their excellent features. Electrodeposition is one of the most 

popular approaches to generating metal nanoparticles on an electrode surface either alone (31) 

or in the form of a nanocomposite (32). Alternatively, surface-modified metallic nanoparticles 

are synthesised separately via one of the classic well-established methods (e.g. Turkevic 

method) and then stabilised on the surface based on electrostatic interactions with the substrate 

simply by incubation of the substrate with colloidal suspension.  Metallic nanoparticles might 

take on several roles in bio-interface design due to the high surface-to-volume ratio and 

excellent optical and electrical properties. For instance, NPs can be employed as a platform to 

immobilise bioreceptors (in any type of biosensors), as an electron wire (in electrochemical 

biosensors), as a catalyser (to facilitate a reaction e.g. between a chemiluminescent and its 

substrates), a mass sensitivity amplifier (in piezoelectric biosensors) and also in order to 

amplify refractive index (RI) variations in plasmonic biosensors (33). 

 

1.3.3.3 Surface topography modification 

Tailoring the surface topography of the bio-interface to enhance biomolecule-surface 

interactions is accomplished through two main approaches: 

 a) Indirectly through chemistry, i.e., the deposition of particles/polymers or thin film, which 

can also be combined with lithography to generate the desired surface structures. It should be 

noted that the roughness of the surface is often unintentionally varied during plasma deposition, 

especially when employing oxygen during polymerisation which must be controlled when 

modifying the chemistry of the surface.  

b) Directly by manipulation of the surface texture of the bulk material e.g. changing the 

microstructure of the polymer surface by heating, partial melting and eliminating porosity 

(which switches a porous hydrophobic surface to a smooth hydrophilic surface) (34) or particle 

erosion followed by time-controlled chemical polishing (35).  

Controlling events in a nano-bio interface, where biophysiochemical interactions between 

nanomaterials and biological elements occur, is essential for vast varieties of biomedical 

applications e.g. nanodiagnostics, nanotherapeutics, nanotheranostics, regenerative 
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nanomedicine, etc. (36). This implies the need for tuning various nanomaterial properties 

including topographic cues through the right fabrication techniques.  

Nanofabrication encompasses numerous techniques that have been widely reported for surface 

modification and offers the advantages of reproducible and high-resolution nanoscale patterns 

and structures. Figure 8 is intended to classify several classes of nanofabrication which are 

summarised in (37). 

 

 

 
Figure 8. A classification of nanofabrication techniques. 

 

 

• Moulding and embossing 

Nano hot-embossing and injection moulding are two typical techniques based on employing 

replicas for the mass production of nanoscale features on a large surface area.  

Hot embossing is operated based on a simple principle of heating the mould and material to a 

certain temperature higher than the glass transition temperature of the material for a while,  as 

mould is gradually pressed into the workpiece up to a certain degree. After a hold time, the 

pressure is decreased, and the mould is detached. 

On the other hand, the injection moulding process involves the injection of the molten material 

into the cavity of the replica, allowing it to cool down and then detaching the replica.  

While the main advantage of these processes is the simplicity of the fabrication strategy and 

high throughput, the fabrication often suffers from frequently occurring defected features due 

to the small size of the features being impacted by the high thermal stress, adhesion and friction 

in the interface between the replica and the material (38). 
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• Printing 

With printing techniques, structures are transferred to the desired surface using a patterned 

stamp. Nanotransfer printing (nTP) and Electrical microcontact printing (e-μCP) are two 

extensions of the micro contact printing technique which are utilised to transfer the patterns to 

the surface. In the first approach, after coating the stamp with the desired material (e.g. thiolated 

SAMs), the stamp is pressed into the surface of the substrate and then released to allow pattern 

transfer based on a selected strategy e.g. covalent binding between thiolated alkanes to a gold 

surface. In the second approach, however, after contact between the coated stamp (e.g. gold 

coated stamp and n-dopped silicon surface) and the surface is established, a voltage is applied 

in the interface between the surface and stamp to allow electrostatic charge patterning over the 

surface, which is responsive to electrostatic potential (39).  

• SPL  

In SPL techniques, a sharp-tipped probe is used to directly transfer patterns onto a surface with 

high resolution and precision either via the deposition of materials to the surface or the abrasion 

of the existing surface coating. The major techniques of SPL used for nanofabrication are (40): 

- Scanning tunnelling microscopy (STM) which patterns the surface via positioning 

atoms of the surface material via a specific ST tip. 

- Dip-pen nanolithography pattern surface via the depositing of materials (SAMs, 

nanoparticles, etc.) using an inked tip (atomic force microscopy (AFM) tip) and 

bringing it into contact with surface.  

- Nanoshaving, which operates based on removing the surface coating locally (e.g. 

SAMs) with AFM tip. 

- Scanning electrochemical oxidation, which patterns the surface with selective and local 

oxidation of the surface. 

The disadvantage of these techniques is their slow writing time, which limits their application 

to patterning small areas. 

• Edge lithography  

The edge lithography technique is based on employing the micrometric edges of a stamp to 

transfer patterns to the surface on the nano or microscale (41). Edge lithography includes 

various techniques, with one of the most popular of them being phase-shifting edge 

lithography, which is similar in process to the photolithography approach due to the feature 

that induces a phase shift on the UV beam via the edges of an elastomeric stamp to generate 

the desired nanoscale features. The patterned photoresist can be further utilised for a variety of 
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applications e.g. to deposit nanoparticles on the confined areas (39). Edge lithography offers 

the advantages of high throughput and cost-effectiveness, however, it is limited in generating 

complex surface patterns. 

 

• Self-assembly for nanofabrication 

Nanofabrication with self-assembled colloidal particles, colloidal lithography, is a class of 

nanofabrication that allows surface decoration with colloids of different natures e.g. polymeric 

particles, metals, magnetic and semi-conductor particles and with controlled size and shape. 

After coating the surface with colloidal particles, they may be directly employed either without 

a top coating or after further coating with, for example, an organic top layer to form a 

homogenous patterned surface which can be used for biomedical applications. Alternatively, 

they may be utilised as an etch mask to develop secondary surface topographies such as 

nanopillars. Several methods have been practised for surface immobilisation with colloidal 

particles such as electrostatic interaction between functionalised colloidal particles and 

activated surfaces, drop-casting, spin-casting, biotin-avidin, electrophoretic deposition of 

colloids, etc. (42).  

These techniques offer high throughput, cost-effective and simple approaches to pattern 

surfaces with nanoscaled features. However, reproducibility of the surface topography is 

limited, due to degrees of heterogeneity in the size and shape of the synthesised particles and 

repulsion between adjacent particles. Hence, if well-ordered arrays with high precision are 

required, these techniques need to be combined with other multistep lithography techniques. 

• Conventional nanofabrication techniques 

Conventional nanofabrication techniques involve writing techniques such as UV lithography, 

x-ray lithography, ion-beam lithography, e-beam lithography, etc. where radiation of different 

sources is used to interact with a substrate coated with a radiation-sensitive resist to transfer 

patterns with high resolution and high precision either directly or using a mask. In typical 

lithography approaches such as UV and x-ray lithography, UV and X-ray beams are passed 

through a mask with defined shapes to interact with desired regions on the resist surface and 

depending on the solubility of the selected photoresist type, either the exposed regions or non-

exposed regions are developed (removed). The exposure process is followed by a developing 

step, where the resist is allowed to incubate in a developing solvent and finally, the pattern 

transfer step is carried out with different possible pathways depending on the targeted 

application i.e. lift-off, etching, doping, re-growth (43). Developing nanoscaled patterns with 
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photolithography and x-ray lithography techniques over an extended area requires the use of 

masters, which are developed with e-beam lithography or scanning probe microscopy 

techniques. For biomedical applications, the patterns need to be transferred to the 

biocompatible polymers using masters, however, these masters are expensive and not easily 

accessible for biologists. Figure 9 illustrates the general steps and some common pathways 

involved in nanofabrication using conventional lithography. 

 

 

 

 

Figure 9. Various stages are involved in a typical lithography process starting from the mask-assisted 

exposure of the resist-coated substrate to radiation, developing and pattern transfer. 

 

In the following sections, more details on the commonly reported techniques for processing 

the surface and fabricating topography gradients along with advantages/disadvantages will be 

introduced. 

1.3.3.4 Biomolecule immobilisation 

Before utilising bioreceptors for biorecognition assays, they should be stabilised on the surface 

in a way that allows easier exposure to the analyte and recognition. Biomolecule 
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immobilisation is a broad field which is out of the scope of the current thesis however, the 

routes can be generally classified into crosslinking, covalent, adsorption, entrapment, affinity, 

etc. More detailed information about the immobilisation strategies can be found in the literature 

(44-47). 

1.3.4 Bio-interface characterisation and iterative design 

 

• Classic iterative approach 

As illustrated in Figure 5, there are many complexities surrounding an interface and each 

impacts the sensing assay to some degree. The ideal situation is to be able to monitor and tune 

out as many parameters as possible. Several iterations need to be carried out to optimise the 

output signal by repeating the design and process steps. Considering this loop, feasibility in 

terms of time on one hand and the costs required for resources and personnel on the other are 

remarkably limiting factors. For this reason, although ideally, numerous experiments need to 

be performed to approach a high degree of optimisation, using predictive approaches i.e., 

design of experiment (DOE), only a narrow range of interface parameters are considered, and 

the rest are eliminated. Hence, only a partial optimisation is achieved. Considering the 

literature, most studies have focused on DOE rather than investigating inclusive optimisation 

tools, which motivates the search for solutions to overcome the disadvantages of classic 

optimisation. 

• Surface gradient – a combinatorial approach 

Combinatorial approaches not only enable a single bio-interface variable to be studied on a 

larger scale but also can be switched to study multiple variables concurrently. This would avoid 

the need for numerous iterations, which is time-intensive, labour and resource-intensive and 

intrinsically susceptible to variations of experimental results between batches.  

One attractive class of combinatorial approaches for screening the optimum variable is surface 

gradients, in which, rather than producing a library of random values, the spatial and gradually 

varying values are generated over a solid surface.  

A bio-interface with gradually varied property correlates that surface property with an observed 

bioassay outcome. Meaning that a proper screening method can be employed to map the 

bioassay and spot the optimal surface conditions for certain targeted behaviour. In this sense, 

surface gradients offer a position-dependent combinatorial approach through the gradual 
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distribution of a single property/multiple properties over the surface and enable a reliable, 

economic, fast and high throughput screening method. 

Figure 10 illustrates a simplistic view to answer why a sample with a gradually varying surface 

property is needed to find optimum conditions for a specific application. As we know, surface 

chemistry can be tuned to alter surface wettability, one of the effective parameters which define 

the attachment of the proteins to the surface. Here a specific protein with a hydrophobic outer 

domain is assumed as a model to predict surface adherence. As can be seen, the surface 

interaction of different proteins can be easily probed by preparing a gradient of hydrophobicity 

in a single experiment. Otherwise, studying the impact of a wide range of conditions requires 

the preparation of several individual samples, which is both time-consuming and resource-

intensive. Meanwhile, because of the variation in experimental conditions, especially if several 

samples are prepared over a long period, the experimental outcome might be not reliable (48).  

 

Figure 10. Protein with a hydrophobic shell is applied on surfaces with a) extreme hydrophobicity, 

b) extreme hydrophilicity and c) moderate hydrophilicity. The first interaction leads to irreversible 

strong hydrophobic-hydrophobic interaction causing protein denaturation due to the deformation of 

the structure. The second interaction with the surface causes repulsion of the protein from the 

superhydrophilic surface and the third surface allows optimal interaction due to protein attachment 

and the retainment of protein activity. This moderate hydrophilicity can be spotted by developing a 

wettability gradient and applying protein to several points followed by characterisation through 

imaging techniques. 
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1.4 A combinatorial approach by surface chemistry and surface topography 

gradients 

1.4.1 Considerations for the selection of surface gradients 

While perfectly developed surface chemistry gradients or precisely confined reproducible 

surface topography gradients are desirable for optimising the bio-interface, transferring the 

methodology from the lab to real-life applications is decided after a counterbalance between 

the high performance (low limit of detection, selectivity, etc.), high throughput, and costs of 

R&D and fabrication process. As an example of developing gradually varying surface 

topography, although several advanced nanofabrication techniques are possible candidates to 

generate highly reproducible features with high precision and control, a simple, cost-effective 

and versatile experimental design that allows sufficient control for developing specific surface 

topography in a faster experimental time without using time-consuming and expensive 

instrumentation is highly desirable. The requirements for chemistry gradient fabrication, on the 

other hand, are generally fast and automatable deposition techniques which allows the easy 

tuning of surface chemistry, high stability of the coating and avoiding toxic or environmentally 

hazardous solvents.  

 

1.4.2 One-dimensional chemistry gradient 

One of the attributes of the spatial gradient is the dimension of the variation. Controlling the 

chemistry variation of the surface in one direction without altering the other independent 

variables is desirable for many biomedical applications as already described. This control, at 

the molecular level and over a wide range and extended gradient length are however also 

considerably challenging.  

Controlling the chemistry of surfaces with high resolution at the molecular level has been 

extensively studied using Self-Assembled Monolayers (SAMs) or graft polymers fabricated 

with various polymerisation techniques (49) as well as plasma-generated polymers. 

Here, the commonly employed techniques are classified based on the control factor employed 

for gradient fabrication: 

1.4.2.1 Time as the control factor 

• Diffusion  

Diffusion is a popular technique for developing a continuous chemistry gradient. The diffusion 

gradient is implemented by placing a barrier, such as a parallel or tilted mask, in front of the 

source of volatile molecules to limit and direct the molecules in a particular direction (50). In 
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the solution phase, two solvents of different densities are prepared with one of the solvents 

containing the desired compound, which has a lower density. The experimental vessel contains 

a sample with a functionalised surface placed in a vertical position to the sidewall of the vessel. 

Upon injecting the low-density solution from an inlet close to the lower part of the vessel, the 

gradual vertical diffusion of the low-density solvent containing the desired compound allows 

the gradual interaction of the compound with the pre-functionalised surface forming density 

gradient (51).  

• Dip-coating  

Dip coating is a technique, which is based on the insertion/withdrawal of a sample inside the 

coating solution. The control factor is the time of surface incubation with the coating material, 

which is tuned to define the interaction time of the particles/molecules with the surface and as 

a result, a spatial density gradient in the direction of the movement is generated. As the time of 

the surface incubation with the coating solution is controlled precisely with commercially 

available dip-coaters, this technique offers a higher degree of control over the chemistry 

gradient than the diffusion technique.  

 

1.4.2.2 pH as the control factor 

pH can be used as a modulator to selectively alter the surface-stabilised functional groups. For 

instance, pH variation was used to generate a composition gradient with a reversible covalent 

bonding feature. The gradient was developed based on gradual pH variation when a substrate 

pre-treated with aldehyde groups was gradually withdrawn from a vessel containing varieties 

of amino-functional SAMs with different pKa values (52). This, and the similarly developed 

unique pH-triggered gradients, is a solution-based technique and is dependent on substrate 

chemistry (e.g. SAMs or functional polymers).  

 

1.4.2.3 Temperature as the control factor 

In some gradient studies, temperature variation was used as a control to generate a polymer 

gradient by tuning the grafting density of the tethered polymer on a surface by placing a 

platform connected to cooling and heating sources from two sides, under the sample. The 

fabricated gradient manifested a wettability gradient due to variation in the number of 

anchoring carboxylic acid groups along the surface generated by a gradient of polymer chain 

grafting density (53). This technique is not applicable for heat-sensitive substrates and 

materials but is suitable for thermoresponsive materials with tuneable lower critical solution 
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temperature (LCST) behaviour. However, the chemistry gradients developed via temperature 

as control are material-dependent as the employed precursors need to be responsive to these 

stimuli and also the substrate should not be prone to degradations under heat variations.  

1.4.2.4 Light (or electron-radiation) as the control factor 

Polymer-based chemistry gradients are also fabricated using light to initiate polymerisation and 

to control the thickness (density) of polymer brushes (54). This methodology is based on light-

mediated polymerisation and is suitable for generating a gradient from photo-responsive 

materials. Other creative ways have been investigated to generate gradient chemistry (and 

consequently a wettability gradient) based on gradual desorption via electron irradiation and 

the exchange of non-polar chemical groups (i.e. methyl containing groups) to highly polar 

groups, such as carboxylic acid terminated or vice versa (55, 56). Similar to temperature-

enabled gradients, the chemistry gradients developed using light stimuli are usually material-

dependent as the precursors need to be light-responsive.  

1.4.2.5 Most common techniques for generating chemical gradients 

To date, several techniques have been reported for generating chemical gradients with 

some of the most popular illustrated in  

Figure 11. Below, the commonly employed techniques for fabricating a 1-D chemistry gradient 

with an emphasis on the main advantage and limiting features are listed following the 

classification in Table 1.  

 

• Dip-coating or infusion withdrawal (Figure 11b) 

This technique generates a thickness (or density) gradient of a specific functional group in the 

direction of variation in time of the surface incubation with the coating material. Varieties of 

commercially available dip coating devices with a rather simple setup and easy usage enable 

the possibility of covering samples of different sizes (large and small areas) with a precisely 

adjustable linear speed. However, there are speed limits to motorised (for fast) and piezo (for 

low rates) dip coaters and the quantity of the adsorbed material on the surface will be limited 

by the evaporation speed of the liquid front, unlike the equilibrium adsorption modes.  

• Diffusion techniques (Figure 11d, 11h, 11f) 

Diffusion-enabled gradients offer technical simplicity and extendibility of the length of the 

intended gradient however, for solution-based diffusion experiments, at least two organic 
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solvents (with potential hazards) must be used, which implies the need for extensive organic 

waste treatment. 

• Printing techniques (Figure 11c) 

Printing techniques generally work based on employing a stamp which applies the coating to 

the surface with a concentration gradient, due to the specific design of the stamp (e.g. 

thickness). Printing allows minimal consumption of precursors (and solvents) and hence avoids 

the need for the organic waste treatment issue of the former technique. It also offers an 

enhanced resolution of the applied chemistry and the possibility of surface patterning. 

However, the size and area of the contact are dictated by the stamp, meaning that it is not 

tuneable during the experiment. 

• Electrochemical techniques (Figure 11e) 

The electrochemical fabrication of a chemistry gradient is a solution-based technique that 

offers dynamic spatial control of the deposited coating. The methods reported for 

electrochemistry-enabled chemistry gradients are as follows (57): i) Mass Transfer: a 

diffusion and concentration gradient of the electrochemically produced species with respect to 

the distance from the electrode can be translated into a chemistry gradient by different 

pathways; ii) In-plane potential gradient: An in-plane potential gradient applied along the 

electrode forms a gradient in reactivity and can be employed to generate a chemistry gradient; 

iii) Electrochemical reactions combined with other techniques (e.g. dip-coating): For 

instance, an electrochemical reaction of the surface with the incubation solution (electrolyte) 

during a time-controlled dip-coating process has been reported for generating a chemistry 

gradient. The selected material can be organic and inorganic, however, the choice is still limited 

to electrochemically active materials. 

• Polymer grafting with temperature control (Figure 11g) 

Controlling the grafting density via a temperature gradient is a simple and high-throughput 

technique, however, the technique is limited by the material chosen (mainly suited for organic 

polymers) and is not applicable for heat-sensitive substrates. The roughness of the surface 

coating needs to be monitored as this is likely to be impacted depending on the material of 

choice. 

• pH-enabled gradient 

Manipulating the pH of the solution enables selective surface functionalisation and forming a 

concentration gradient of the desired chemical groups along the modified surface. Using this 
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technique, the possibility of reversible covalent functionalisation is also explored. The 

disadvantage of the technique was time-intensiveness due to preparation requirements and the 

strict requirement of using deionised water. 

• Polymerisation with light control  

Gradient polymerisation with light control is usually implemented based on either variation in 

irradiation time (or irradiation intensity) or the concentration gradient of the monomer along 

the surface. In the literature, for chemistry gradients fabricated by light control, lower lateral 

resolutions with nanometre length modifications were reported. However, this technique is 

intrinsically limited to organic light-responsive materials. 

• Plasma polymerisation 

In plasma-enabled gradients, the chemical composition and film thickness (deposition rate) is 

controlled by both plasma electrical inputs and kinetic inputs i.e., flow rates and 

type/concentration of the employed precursors, to affect the degree and mechanism of 

precursor fragmentation leading to the gradual variation of chemical composition. Plasma 

techniques for generating surface chemistry gradients can be used on large surface areas with 

extended lengths (several cm) or on small surface areas with the assistance of a mask. 

Some plasma methods are limited to gradually altering the surface of an already existing 

coating to develop a wettability gradient (58, 59), which can have the drawbacks of roughening 

the surface and incorporating an uncontrolled chemical group, other techniques, on the other 

hand, are based on the spatially controlled deposition of the intended chemical functional 

groups. (60, 61).  One major drawback of the plasma-enabled gradient is the less-defined 

surface chemistry due to the 3D structure of the coating with the larger diversity of the existing 

functional groups. 
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Figure 11. Some examples of the 1-D chemistry gradients reported so far. The details of most of the 

illustrated techniques are summarised in Table 1. The techniques are: a) Drop-wise introduction of 

negatively charged particles to interact with an aminosilane-coated substrate (ref.118), b) The 

gradual Infusion-withdrawal of substrate within a solution of alkanesilanes (ref.69), c) A stamp with 

variable thickness immersed in alkanethiol was used to print a concentration gradient on a gold 

substrate used to generate a chemistry gradient (ref.1), d) A functionalised substrate was immersed 

in a first solution and upon gradual diffusion of the second solution, a gradient was formed in a 

vertical direction, e) polymerisation of methylacrylate was performed by gradually varying the 

electrical potential of gold electrodes in the presence of a catalyst (ref.80) , f) A plasma polymer 

gradient formed using an inclined mask as a barrier to control the diffusion of deposited species 

(ref.114), g) Temperature variation was used to change the grafting density of the tethered polymer 

and form a carboxylic acid group gradient (ref.59), and, h) Cross-diffusion technique for generating 

the gradient of two alkanethiols on gold and through a gel matrix (ref.51). 
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Table 1. Detailed information for some of the techniques developed for fabricating a unidirectional 

surface chemistry gradient with the main advantages/disadvantages and potential or investigated 

applications. The rating is intended to show the author’s preferred technique based on the criteria 

described in the text. 

Technique 
Gradient 

precursor 

Gradie

nt 

length 

scale 

Surface variables 

(besides surface 

chemistry) 

Developed or 

potential 

application 

Ref. Rating 

Dip coating or 

infusion-

withdrawal 

SAMs (e.g., 

organosilane), 

polymer 

brushes, 

inorganic 

mm-

cm 

Polarity, wettability, 

coating thickness, 

surface charge 

Stationary-

phase gradient 

chromatography

, liquid droplet 

motion, protein 

adsorption, cell 

studies, etc. 

 

(62-67) 

 
**** 

Diffusion 

phenomena 

(vapour phase, 

liquid phase 

diffusion) 

SAMs 

(organosilanes, 

alkanethiols), 

polydopamine 

mm-

cm 
Wettability, thickness 

Protein 

adhesion, cell 

adhesion, 

detergent 

adsorption, cell 

motility 

(51, 68-

72) 
*** 

Printing (μcontact 

printing, inkjet 

printing) 

Alkanethiol, 

organosilane 

μm-

mm 

Oleophobicity, 

wettability, surface 

topography 

protein 

adsorption and 

cellular 

attachment 

(73, 74) *** 

Electrochemical 

techniques 

Inorganic (e.g. 

metals), organic 

polymers 

mm-

cm 

Thickness, surface 

plasmon resonance 

shift, wettability 

cell studies, 

fabricating 

conducting and 

electrochromic 

polymers 

(75-79) 
 

**** 

Polymer grafting 

with temperature 

control 

Organic 

polymer 

mm-

cm 

Wettability, roughness, 

thickness, crystallinity 

of Bridgman, polymer 

grafting variation 

Heat-resistant 

materials, heat 

and optical 

conversion 

materials, 

optoelectronics, 

biomaterials 

(80) *** 

pH-enabled 

gradient 

SAMs, 

polymers 

μm, 

mm 

Wettability, topography 

variation, thickness, 

adhesion forces 

Printing and 

erasing SAMs, 

protein 

adsorption 

 

(52, 81-

83) 

 

 

**** 
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Polymerisation 

with light control 

(photopolymerisati

on, UV-induced 

gradual ozone 

oxidation, etc.) 

Polymer 

brushes, SAMs 
nm Thickness, graft density 

Protein 

adsorption, cell 

attachment 

(84-89) *** 

Plasma 

polymerisation 

Organic 

monomers, 

gases 

mm 
Explained in the next 

table 

Explained in the 

next table 

Explained 

in the next 

table 

***** 

 

 

1.4.2.6 The preferred method as indicated by ranking 

Based on the discussions on the advantages and drawbacks of each technique, the method of 

choice for fabricating a chemistry gradient in the framework of the current thesis is plasma 

polymerisation. Further reasons for using plasma as the preferred method for tuning surface 

chemistry to develop the bio-interface are discussed in a review published in 1982 by Yasuda 

et al. (90), one of the pioneers in the plasma field, regarding the advantages of plasma 

polymerised thin films for biomedical applications. The overall advantages are summarised as 

suitable coating properties, such as conformity, good adhesion to the deposited substrate and 

physical/chemical durability, and specific advantages for bio-interface applications are 

attributed to the biocompatibility of these coatings, in terms of blood and tissue compatibility 

for cell and biomolecule adhesion, being non-toxic and chemically inert, the possibility of 

controlling transport of substances in or outside the biomaterial, etc. Since then, tremendous 

interest and efforts have developed in the application of plasma for developing a bio-interface 

or modifying a biomaterial surface. 

As shown in Figure 12, several strategies have been developed to generate a film thickness 

gradient (or polymer concentration gradient) such as using a fixed mask, which allows a slope 

of diffusion or moving the sample with increasing speed under the slit of the fixed mask 

allowing for variation in the time of exposure of the sample to the polymer. On the other hand, 

a plasma gradient is also generated by varying the polymer functional groups through 

copolymerisation and introducing two precursors with a varying flow rate ratio based on 

moving the substrate at a constant speed under the slit of a mask (91).    

The properties and pros/cons of each plasma-enabled gradient technique (as illustrated in 

Figure 12) are listed below: 
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- Time of exposure (Figure 12a) 

This approach is based on gradually moving the sample position under the mask slit (or vice 

versa) and offers a continuous gradient. The fabrication of the chemistry gradient is fast, and 

the only requirement is an easy mask set-up, however, gradient formation using this technique 

can be adversely impacted by diffusion under the mask while displacing the sample or mask. 

- The flow rate ratio of precursors (Figure 12b) 

Similar to the previous technique, the sample or mask is gradually displaced to form a gradient, 

however, in this technique, more than one precursor is employed and the flow rate of one 

precursor is varied with respect to the other precursor to form a composition gradient. A 

continuous gradient is formed using an easy mask set-up but, due to using the mask, diffusion 

during displacement is inevitable if it is not well controlled. 

- Diffusion (Figure 12c) 

This technique offers the possibility of forming a continuous gradient using a static mask. 

Although this simplified the technique, less spatial control is achieved due to the diffusion of 

the material under the mask. 

- Precursor flow rate ratio and frequency/voltage variation (Figure 12d) 

An automated moving jet allows the direct deposition of the precursor(s) from the nozzle on 

the surface. Based on the targeted composition gradient, one or multiple precursors can be used 

and where multiple precursors are required, variations in the precursor flow rate ratio can be 

combined by variations in plasma electrical parameters (frequency/voltage). The technique is 

advantageous due to the fast forming of a continuous gradient without the need for a mask. 

- The precursor flow rate ratio and power input (Figure 12e) 

This technique may be preferred if it is necessary to coat a small surface area with high 

precision (suitable for surface patterning) with minimal diffusion under the mask. However, 

unlike the previous techniques, a distinct gradient is formed with an increased risk of oxygen 

exposure during the dismantling/mantling of the mask after each deposition. 

Some reported examples for each of the plasma techniques with the precursors, plasma 

specifications, generated gradient attributes and potential/developed applications utilised are 

summarised in Table 2. 
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Figure 12. Representation of plasma polymer gradients obtained by a) polymerising one monomer 

by displacing the sample holder at an increasing rate under the mask slit (time of exposure is 

changed), b) Copolymerisation of two polymers by displacing the sample holder at a fixed rate under 

the mask (flow-rate ratio of the precursors is changed), c) Polymerisation of a monomer and 

diffusion under the mask from the open-end, under fixed conditions (diffusion length is the variable), 

d) direct writing with an automated plasma jet, moving at a fixed speed along the substrate and 

gradually applying the varying parameters such as precursor flow ratio, power, etc. e) Polymerisation 

under the mask in fixed conditions and repetition of the steps using several different 

precursors/deposition conditions (here 4 plasma conditions with the same precursors, but a varying 

power and precursor ratio are intended) and, e) a possible mask configuration for obtaining the 

previous gradient (d). For each distinct coating, prior to deposition, the screws on the sample holder 

are placed in the corresponding hole in the cover. More explanations on deposition with masking 

device are provided in Chapter 2 (2.1.2.1). 
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Table 2. Plasma polymerisation techniques for generating surface chemistry gradients. 

Technical detail Precursor (s) 
Plasma 

properties 

Gradient 

length 

Resulting surface 

variables 

Developed/ potential 

application 
Ref. 

 

Tilted mask 

 

 

 

CO2/C2H4 

 

 

Octadiene/ acrylic 

acid /diethylene 

glycol dimethyl 

ether 

 

Octadiene/ acrylic 

acid 

 

Capacitively-

coupled RF plasma 

 

Capacitively-

coupled RF plasma 

 

 

Capacitively-

coupled RF plasma 

 

15mm 

 

 

30mm 

 

 

 

30mm 

Thickness, wettability, 

crosslinking, roughness 

 

Thickness, wettability 

(20° variation, average 

WCA is 35°) 

 

Wettability, topography 

 

Release coating in a pressure-sensitive 

adhesive (PSA) tapes 

 

Stem cell behaviour 

 

 

 

Stem cell differentiation 

(92) 

 

 

(93) 

 

 

 

(50) 

 

Diffusion through a mask 

fixed on the sample 

Hexane 

 

Allylamine 

 

 

Allylamine/hexane 

 

 

Hexane 

RF plasma 

 

RF plasma 

 

 

ICP, RF plasma  

 

 

RF 

plasma 

 

 

10mm 

 

10mm 

 

 

8mm 

 

4 and 6mm 

(radial and 

linear 

respectively) 

Thickness variation 

 

Wettability variation 

(15° to 90°) 

 

Wettability (60°–93°), 

thickness, topography 

Thickness, wettability 

(93.4° ± 0.3 to 35.2°± 

0.5 for linear 

and 92.3° ± 0.8 

to 54° ± 3 for the radial 

gradient) 

 

 

Cell attachment and morphology 

 

Cell behaviour on a nitrogen gradient 

 

 

Cell surface interaction 

 

 

Cell surface interaction 

(94) 

 

(107) 

 

 

(108) 

 

 

(113) 

 

 

Moving sample under 

plasma/mask 

 

N2/O2/ 

tetraethylorthosilicat

e 

 

1,7-octadiene/ 

allylamine 

Dielectric Barrier 

Discharge (DBD) 

 

RF plasma 

20mm 

 

 

13mm 

Thickness, topography 

 

 

- 

Optimising film 

properties such as film density 

 

Stem cell differentiation 

 

(95) 

 

 

(104) 

Maskless deposition 

Diethylene glycol 

 

Dimethyl ether 

RF plasma/ knife 

edge top electrode 

and the sample 

placed 

perpendicularly to 

this electrode 

30mm 

 

10mm 

Wettability, thickness 

variation 

Wettability, thickness 

variation 

 

 

Protein adsorption 

 

Protein adsorption and cell attachment 

(96) 

 

(97) 

 

 

 

 

 

 

Octadiene/ acrylic 

acid 

 

 

 

 

Inductively 

coupled RF plasma 

chamber 

 

 

 

12mm; 13mm. 

13mm 

 

 

 

 

Thickness (OD-end 

6.3nnm, AA-end 5nm); 

wettability (88-47°); 

Halogen concentration 

variation 

 

IgG adsorption. 

Embryonic stem cell behaviours. 

Chemisorption of halogenated 

epoxides to 

surface carboxylic acids. 

 

(97), 

(98), 

(99) 
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Shielding/deshielding of 

the sample by moving the 

coverslip 

 

Ethanol/ 

propionaldehyde 

 

 

 

1,7-octadiene/ 

allylamine 

 

1,7-octadiene/ 

allylamine 

 

 

Ethyl 2- 

bromoisobutyrate/ 

ethanol 

 

RF plasma 

 

 

 

 

RF plasma 

 

 

Inductively 

coupled RF plasma 

chamber 

 

RF plasma 

 

10mm; 13mm 

 

 

 

 

15mm 

 

 

12mm 

 

 

 

10mm 

 

Not defined 

 

 

 

 

Thickness variation 

 

 

Wettability (80°-68°), 

topography 

 

 

 

Thickness variation 

 

Streptavidin binding to aldehyde 

gradient. 

 

 

 

Stem cell neural differentiation 

Plasma-assisted fabrication of a 

polymer brush gradient. 

 

Protein adsorption 

 

 

Plasma-assisted fabrication of a 

polymer brush gradient 

 

(101), 

(102) 

 

 

 

(98) 

 

 

 

(105) 

 

 

(106) 

 

 

Gradient formation through plasma polymerisation is usually conducted in order to introduce 

polar functional groups, especially amino-functional and oxygen functional groups, using 

carboxylic acids (e.g. acrylic acid), polyethers (e.g. PEG) and amines (e.g. allylamine). This is 

due to their implication for bioassays (probe binding, cell attachment, etc.), apolar 

hydrocarbons using hexane, octadiene, etc. or the combination of polar and apolar groups to 

form gradients which are widely reported and aim to study cell behaviours (99).  

Using multiple precursors enhances the chance of generating  chemistry variations with a larger 

diversity of functional groups compared to single precursor consumption, as well as better 

control of the resulting wettability gradient. Some of the frequently reported chemistry 

variations using plasma technologies are summarised below based on the surface functional 

groups:  

• Nitrogen-functional surface gradients 

Nitrogen-functional groups can be inserted into plasma polymers either by employing a) 

polymerisable monomers (i.e., allylamine) or b) non-polymerisable precursors (N2, NH3). The 

choice of precursor for generating nitrogen-functional plasma gradients has been dominated 

by the polymerisable nitrogen-functional precursors/monomers. The reason for this may be 

the already existing C-N bonding in these monomers which carries the expectation of 

achieving more predictable chemistry of the resulting polymer to get closer to a mono-

functional surface coating (primary amine ≫ other nitrogen groups).  

Vandenabeele et al. (100) conducted a comparative study of ammonia/ethylene and 

cyclopropylamine and pointed out that while high deposition rates and higher incorporation 
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of N to C have been proven for the polymerisable precursor (i.e. cyclopropylamine), higher 

selectivity of the NH2 content was not found for any precursor at high plasma powers (60 and 

100 W). However, a higher selectivity of amine at mild powers (30 W) was observed for the 

ethylene/ammonia pair and the overall high nitrile for cyclopropylamine plasma polymer 

functional groups. 

Due to the importance of amine groups for either the covalent immobilisation of proteins or 

the electrostatic interaction of negatively charged biomolecules with positively charged 

amine groups in physiological pH, mono-functional primary amine-containing surfaces are 

ideal for better investigating biomolecule surface interactions (101). 

As mentioned previously, most of the compositional gradients formed by polymerisable 

nitrogen-containing monomers are based on forming a gradient of nonpolar hydrocarbon 

groups in one direction using a hydrocarbon monomer (e.g. OD) and negatively-charged 

nitrogen-functional species in the opposite direction using nitrogen-functional monomer (e.g. 

allylamine)(102, 103). 

For instance, in a relevant study, a plasma-deposited bilayer of glycol dimethyl ether (DG) 

thickness gradient was formed on top of the acrylic acid layer with the help of an inclined 

mask. The uppermost layer was known as a low-fouling material, and the sub-layer was 

known as a high-fouling material. The study investigated the dependence of the plasma 

deposition time and accordingly, the depth of the DG layer at the thickest part, on the number 

of adsorbed cell-adhesion promoting proteins and finally, cell behaviour. When DG was 

deposited in 5 minutes, there were more proteins adsorbed on the surface, increasing the cell 

adhesion compared to a DG gradient deposited in10 minutes. The position of the functional 

group and its density as a function of depth may have contributed to this effect (93). 

Owing to the flexibility of the surface chemistry (104), the possibility of achieving high 

nitrogen concentration (40%) (105) and improved aqueous stability (106), plasma 

polymerisation with reactive non-polymerisable nitrogen-containing gases and hydrocarbon 

pairs are good alternatives for developing nitrogen-functional chemistry gradients. 

Although there have been reports on developing coatings with non-polymerisable nitrogen-

containing gases and hydrocarbon pairs, to the best of our knowledge, the current thesis 

reports on a nitrogen-functional chemistry gradient developed with NH3/C2H4 with unique 

stable properties for the first time. The coatings were deposited on a single chip in static form 

using a masking device via the gradual variation of NH3 with respect to ethylene. 

Furthermore, the tuning power input and the device also allowed the coating of 20 chips of 

20x10 mm size concurrently, in each deposition. When ammonia was supposed to be 
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extended above a certain level, to prevent film loss in aqueous media, which is normally 

inevitable due to a higher presence of unstable ammonia functional groups, bilayer coatings 

were deposited rather than a monolayer. The bilayer consisted of a crosslinked supporting 

bottom coating and a highly functional (and less crosslinked) top thin layer based on the 

methodology investigated by Vandenbossche et al. (107).  

 

• Oxygen-functional surface gradients 

Besides nitrogen-functional gradients, the plasma-enabled oxygen functional gradients are 

widely used in several fields of material science, especially the microfluidics field, to enhance 

droplet motion, and the biomedical field (cell adherence etc.). It should be noted that when the 

wettability gradient is the ultimate goal of the study, especially if it aims to approach higher 

values of hydrophilicity within a gradient range, oxygen-functional precursors are the better 

choice compared to the nitrogen-functional groups, as the latter is generally less hydrophilic. 

Some of the 1-D oxygen-functional gradients reported are based on strategies such as gradually 

increasing the concentration (flow rate) of an oxygen-functional monomer (i.e. acrylic acid) 

while simultaneously decreasing the concentration of a second monomer (i.e. allylamine) in 

discharge (108) or the fixed concentration of monomers (i.e. CO2/C2H4) and the thickness 

gradient of oxygen-functional film formed by a static inclined mask that inhibits the diffusion 

of the plasma-deposited species (92).  

An alternative strategy exploited in the framework of the present thesis is the gradual 

introduction of oxygen (gradually increasing flow rate) during the polymerisation of a 

monomer that usually yields a hydrophobic (hydrocarbon-rich) coating. For this purpose, the 

popular plasma polymer precursor, HMDSO, was selected, with its advantages of volatility in 

atmospheric pressure, and of being a commercially available, cheap, non-flammable and 

almost non-toxic chemical (109). 

HMDSO has been intensively utilised as precursor for plasma polymerisation with applications 

in developing anti-scratch, anti-corrosion coatings, in food packaging as a barrier layer, and in 

pharmaceutical packaging, among others (110). 

Based on this selection, using a programmable corona discharge, a gradient coating was 

obtained with surface chemistry and wettability extending from hydrophobic organic to 

hydrophilic and inorganic. Distinct coatings deposited with a combination of HMDSO and O2 

have already been widely investigated using different, and mostly low-pressure, plasma 

techniques (111-118). However, to the best of our knowledge, this is the first report of a 

programmed atmospheric pressure corona jet being utilised for the dynamic deposition of a 
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gradient coating mainly by varying oxygen to the HMDSO flow rate. The advantage of this 

technique is that it is more suitable for industrial applications with the possibility of upscaling 

owing to atmospheric-pressure deposition and the avoidance of vacuum systems. Further 

experimental and characterisation results will be fully discussed in the following chapters.  

 

1.4.3 One-dimensional structural gradient 

As explained, the surface morphology, apart from its impact on material studies, especially for 

adhesion and tribology, is also highly important for biology since the morphology can initiate 

a biologic response (protein adsorption, cell adhesion, stem cell differentiation, etc.) when the 

biomolecules are applied to the surface. Therefore, for developing the interface, the systematic 

study of the biology response as a function of morphology variation enables a deep 

understanding of the impact of the factors involved (35, 119).  

As previously mentioned, direct and indirect approaches could be employed to alter the 

topography of the surface or top coating. In a study based on a direct approach, the optimal 

surface standard roughness values (e.g., Rq, Ra, etc.) required for an osteoblast response were 

investigated by generating surface roughness gradients of a total 10-20 mm length generated 

via a two-step method of i) sandblasting the surface, followed by ii) time-controlled chemical 

polishing for gradual surface curvature removal (35, 120-122). The other reported roughness 

gradient fabrication method for studying cell behaviour was based on generating surface 

wrinkles in a multi-step procedure of polymer stretching and applying strain via one-directional 

gradual oxidisation by reactive ion etching and release (123, 124). 

Where porous materials and the correlation of pore size as a function of distance is required, 

e.g. for the development of biomimicking materials, an electrochemical approach and mainly, 

anodization is proposed for generating a surface nanopore diameter gradient (125, 126). 

 

The indirect approaches for developing varying surface structures can be classified as 

conventional and unconventional lithography techniques: 

 

1.4.3.1 Conventional lithography techniques 

It is possible to generate well-controlled and reproducible patterns with nanoscale structures 

using lithography techniques. Some of the reported surface gradient patterns developed to date 

using lithography techniques are stripes, dots and squares with variable width, size and spacing 

(127), grooves with varying spacing or size (128), pillars with grading height, spacing and 

diameter (10, 13), and nano-needles with varying spacing (129). 
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The steps in fabricating patterns with lithography are generally based on coating the surface 

with a suitable resist, irradiation then transferring the pattern onto the surface with or without 

a mask, developing patterns by removing the unwanted resist, and the final reactive ion etching 

step. The generation of the gradient pattern in the maskless techniques of electron beam 

lithography and maskless photolithography is implemented by initially designing the gradient 

pattern by generating command codes and manual design, respectively. Due to the long writing 

time and consequently the low throughput, electron beam lithography techniques are used only 

complementary to other techniques and mainly to develop masters to define gradient patterns.  

The other advanced direct-writing maskless technique that has been utilised for generating 

grading surface patterns on a wide surface area is the dip-pen lithography technique (127, 130). 

The main disadvantages of using the conventional lithography techniques for fabricating a 

structure gradient are the multi-step processes and the complex and expensive instrumentation 

which require a good level of training to handle the experiment. 

 

1.4.3.2 Unconventional lithography techniques 

The two main classes of unconventional lithography techniques that have been frequently 

utilised for developing topography gradients are imprinting and colloidal lithography, with a 

few reports on other techniques, for example, contact printing techniques. Some 

unconventional lithography approaches which have been reported for fabricating surface 

topography gradients are illustrated in Figure   13 . It should be noted that in most of these 

approaches, there is a template/master which was previously developed using one of the 

conventional lithography approaches. 
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Figure   13 . Selected topography gradients produced by lithography approaches a) Contact printing is 

used to form nano- to micro-metre arrays in two steps: i) contact printing using PDMS array tips 

with varying tip width followed by ii) etching the gold to transfer the gradient array on the metal 

layer (ref. (131)). b) A graded silicone cone array is developed with colloidal lithography and inclined 

reactive ion etching via the following steps: i) a substrate decorated with microsphere array and 

oxygen PLASMA etching on the tilted substrate (inclined etching) followed by ii) vertical etching 

with CHF3/sf6 plasma (ref. (132)). c) The height gradient is fabricated via the imprinting technique: 

i) initially, a film with a viscosity gradient was developed by applying a gradient temperature to a 

thermo-curable elastomer; i) imprinting was applied with a stamp with the desired features under 

uniform pressure followed by final stress relaxation (ref. (133)). And d) the height gradient was 

formed by nanoimprinting by i) a nanoimprinting approach on polystyrene film, as a substrate, 

followed by ii) annealing under a temperature gradient ref. (134). 

 

• Nanoimprint lithography  

Nanoimprinting techniques are high throughput and cost-effective techniques which have 

frequently been used for generating topography gradients. The main approaches implemented 

based on nanoimprinting are soft lithography (SL), thermal nanoimprint lithography (T-NIL), 

and UV-NIL which are based on transferring patterns onto a surface using a template, which 

is in turn fabricated by one of the conventional lithography techniques. In the SL technique, 

self-assembly is used to transfer colloidal spheres onto the surface followed by subsequent 

etching to form ordered patterns. While T-NIL, is implemented to develop patterns by thermal 

curing when the template is pressed to the thermoplastic surface material, the UV-NIL 

technique is implemented by UV curing of the resist after bringing it into contact with the 

patterned template on the surface (135). Some of the imprinting techniques which have been 

utilised for fabricating topography gradients are presented in Figure  13 (c, d). 
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• Colloidal lithography 

Despite its similarities with soft lithography, colloidal lithography can be utilised to form 3-D 

geometrical structures (136). The colloidal lithography technique has been used for surface 

engineering in the conventional form of self-assembled closely packed arrays of nanoparticles 

or by using template spheres such as polystyrene to define the shape of the metallic nanoparticle 

arrays (e.g. hexagonal, square arrays) and control the spacing. However, by using angled-

resolved colloidal lithography, which is based on metal vapour deposition after 

templating/masking, it is possible to obtain control over the size and shape of the metallic 

nanoparticles formed (137). Gradients of gold nanostructures in different shapes (bars, dot pairs 

and rings) were fabricated by angular deposition of gold vapour (137). 

Interface modification with noble metal colloids is especially interesting for developing 

biosensing interfaces with surface-enhanced Raman scattering or nanoparticle surface plasmon 

resonance spectroscopy transduction techniques. The properties of nanoparticle structures as 

an individual and periodic array must be controlled as they alter the optical response. For 

instance, interparticle distance alters the wavelength of the plasmon resonance wavelength as 

well as its damping properties (138).  

One simple method used for modifying the surface topography with colloidal lithography is 

based on using the infusion-withdrawal technique to form gradually varying densities/sizes of 

surface structures using colloidal dispersions. For instance, Kunzler et al. grafted the substrate 

with poly(ethylene imine) (PEI) and gradually immersed the substrate with an adjusted speed 

inside the beaker containing silica nanoparticles. The time-controlled incubation of the sample 

surface with the solution resulted in the formation of a spatial silica nanoparticle density 

gradient, which was later used for cell adhesion studies (139). 

The other method similar to infusion-withdrawal is the dropwise introduction of the particles, 

allowing the gradual increase of the liquid along the substrate using a microfluidic pump to 

precisely control the flow rate of the particle solution (as studied in the framework of the 

present thesis). More studies of nanoparticle gradients based on colloidal lithography are listed 

in Table 3. Figure 14 is intended to illustrate the process of fabricating each of the colloidal 

lithography techniques  
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Table 3. Nano- and micro-roughness gradients are fabricated by utilising colloidal particles via 

different methods. The rating presented (stars) is intended to show the author’s choice based on 

different criteria as described in the text. 

Technique Material/substrate Surface variables 
Gradient 

length 

Developed or potential 

application 
Ref. 

 

Rating 

Using a chemistry gradient 

template 

Au NPs (16.9 ± 1.8 nm) deposited on 

APTES and surface-tethered 

polyacrylamide (PAAm) 

 

15 or 40 nm AuNPs modified with 2-

mercaptosuccinic 

Acid 

100 nm polystyrene NPs modified with 

carboxylic acid 

The spacing of NPs, 

plasmon resonance 

variation 

 

Spacing of NPs 

 

 

Spacing of NPs 

45 mm x 12 

mm 

(sample size) 

 

12 mm 

 

 

3mm 

 

 

 

NA 

 

 

 

 

 

 

(140) 

 

 

 

(141) 

 

 

(142) 

 

 

 

*** 

 

Dropwise introduction of 

the colloid solution and 

time-dependent exposure 

of the surface to the 

particles 

 

8 nm silver and 12 or 20 nm gold 

particles modified with proteins (BSA, 

etc.) deposited on poly L-lysine coated 

glass 

 

 

Spacing of NPs 

 

 

 

 

 

 

 

22 mm x30 

mm 

 

The protein-cell interaction 

studies 

 

 

 

 

 

 

(143) 

 

***** 

Gradual immersion/dip 

coating 

 

 

 

 

 

 

 

16 nm AuNPs on plasma polymerised 

allylamine film/glass 

The spacing of NPs, 

height analysis with 

AFM 

 

 

13 mm 

 

 

 

Applicable for improving the 

efficiency and reliability 

of AFM nanoparticle metrology 

 

(144) 

 

 

 

 

 

 

 

 

 

 

 

 

**** 
Si NPs (73 nm) deposited on Si substrate 

coated with poly(ethylene imine) (PEI) 

 

Spacing of NPs 10nm Studying the proliferation and 

morphology of rat calvarial 

osteoblasts (RCO)  

(139) 

6 nm AuNPs functionalised with c(-

RGDfK-) 

Spacing of NPs 10 mm Cell adhesion and morphology 

study on the RGDfk gradient 

(145) 

38nm AuNPs modified with 2-

mercaprosuccinic acid 

Spacing of NPs, 

wettability 

 

12 mm 

 

 

 

Cell-surface interactions 

 

(146) 

 

 

 

73 nm Si NPs on PEI coated Si 

 

 

 

 

 

Spacing of NPs, 

wettability 

 

 

 

 

 

10 mm 

 

 

 

 

 

 

Applications in 

microelectromechanical, 

nanoelectromechanical devices 

and micro/nanorobotics 

 

(147) 
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12.1 nm Si NPs on PEI-coated Si 

 

 

 

Spacing of NPs, 

wettability, and 

adhesion force studies 

10 mm 

 

 

 

Cell-surface interaction studies (148) 

 

 

 

 

AuNPs of 16, 38 and 68 nm modified 

with 2-mercaprosuccinic acid on 

allylamine and acrylamide 

Spacing of NPs 13 mm Studying the impact of gradient 

on material adhesion and related 

theoretical modelling 

(149) 

 

 

 

 

 

 

Ion diffusion by 

controlling the 

ionic strength of particle 

solution 

AuNPs of 10 nm modified with PEG 

deposited on octanedithiol or 

mercaptoethylamine modified gold 

substrate 

Spacing of NPs, 

wettability, surface 

plasmon resonance 

10 × 11 mm 

surface 

Studying microbial adhesion 

through SPR-based imaging 

(150) *** 

Temperature gradient 

applied on the substrate 

after dip-coating it with 

colloids 

PS 

microspheres (with a diameter of 240 

nm) on Si 

Morphology of 

particles, wettability 

(88.7°-148.1°), 

roughness (RMS) 

Few mm scale NA (151) *** 

 

 

 

 

 

 

Figure 14. Some of the pathways for fabricating a particle density (or spacing) gradient-based on 

colloidal lithography are presented: a) A chemistry gradient generated by diffusion control is used 
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to develop the particle density gradient. Particles interact with the functionalised surface through 

electrostatic interactions and as a result, the region with the highest concentration of functional 

groups immobilises a larger number of oppositely charged particles. b) Stop-wide introduction of 

colloids (e.g. gold colloids) to the pre-treated surface (sulphur-terminated SAMs), c) Infusion-

withdrawal of the pre-treated surface inside the colloidal suspension, d) a buffer with high ionic 

strength is introduced from the bottom into a vessel in which a thiol-modified chip is placed vertically 

inside a gold nanoparticle suspension with low ionic strength solvent. As a result, colloids gradually 

diffuse in the direction with a high concentration of ions, finally immobilising on the surface with a 

spacing gradient, e) a temperature gradient is applied to a surface which is covered homogenously 

with colloidal particles. As a result, the morphology of the heated particles will change gradually, 

forming a topography gradient along the chip. 

 

 

The approaches presented in Table 3 can be categorised into the following sections based on 

the control factor: 

- Chemistry gradient to direct assemblies of colloidal nanoparticles (Figure 14a) 

As the name suggests, this approach is based on an initial step of fabricating a chemistry 

gradient as the more intensive experimental stage and then the second simple stage of 

incubating the template with colloidal dispersions.  

Bhat et al. fabricated the gold nanoparticle density gradient by initially templating a substrate 

with an aminosilane polymer gradient with varying molecular weight or polymer grafting 

density before dipping it inside a nanoparticle solution to establish electrostatic interaction 

between negatively-charged particles and a positively-charged amino surface (152). In another 

report, an aminosilane gradient was generated on a substrate by diffusion control of the 

aminosilane vapour. Then, the amino-coated surface was immersed in the citrate-capped gold 

nanaoparticles to form a gradient of nanoparticles (153).  

While the maximum achievable surface coverage with colloids is mainly a function of time in 

dip-coating and drop-wise methods, the maximum coverage in this method is a function of the 

density of interacting surface polar functional groups. 

 

- Incubation time is the main factor (Figure 14 b,c) 

Similar to the chemistry gradient, it is possible to form structural gradients with dip-coating or 

a drop-wise introduction of the colloidal particles.  

Here, either chip insertion/withdrawal with a controlled linear rate (in dip coating) or liquid 

raise with a controlled volumetric rate (drop-wise method) would allow spatial control over the 

interaction of the colloids/precursor with the pre-treated chip, which is placed vertically inside 
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a container. As a result, a particle density/size gradient could be established as a function of 

the time of incubation.  

The approach is inexpensive and implementable with a simple set-up which also allows good 

control of the generated gradient slope. The other important advantage of these methods is the 

possibility of implementing a rational design prior to gradient fabrication in order to estimate 

the approximate time needed for maximum surface coverage (on the extreme edge of the 

gradient). This can be accomplished with techniques such as real-time QCM-D monitoring of 

the surface during interaction with the colloids/precursor.  

 

- Ionic strength is the control factor to direct the diffusing colloids (Figure 14d) 

In an innovative approach, the ion concentration along the vessel was used as a control to guide 

gradient formation (ref (106)). In the relevant study, the experimental container included 

vertically placed pre-treated chip and colloidal particles dispersed in a low ionic strength 

solvent. Immediately after the gradual injection of the second solvent with high ionic strength 

from the bottom, an ionic concentration gradient was formed by the gradual downwards 

diffusion of the charged particles. The diffusing particles gradually interacted with the chip 

surface to form a nanoparticle density gradient along the surface. 

 

- Temperature control (Figure 14e) 

Temperature has been used as a factor to form a structural gradient by physically changing the 

morphology of the surface-decorated structures. This is because the temperature gradient has 

been proven to affect the morphology of the colloids deposited on the surface. Simplicity and 

reproducibility have been highlighted as the main advantages of this technique. 

 

1.4.3.2.1 Method of choice as indicated by ranking 

The method of choice in the framework of the current thesis was based on avoiding the 

techniques based on using organic solvents which require waste treatment as well as the 

approaches which were material or substrate-dependent. Based on the latter criteria, the 

temperature-responsive gradient was one of the last methods of choice to fabricate the 

topography gradient. As stated before, diffusion techniques, although predictable through 

theoretical estimations, allow less control in the selection of the increment between variables 

compared to dip-coating and dropwise methods. While the speed of the injection of the second 

solvent can be controlled, the diffusion of the particles will follow its own pathway. Finally, to 

avoid drawbacks, and benefit from the simple design and possibility of high throughput and 
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good control degree on the gradient attributes, the drop-wise introduction of colloidal 

dispersion/ions with time-control was selected as the method of choice. 

In the current thesis, as one alternative to a homogenously-modified surface which was 

gradually brought in contact with the colloidal dispersion/precursor by time-control (Figure 13 

b), a chemically patterned surface was used to translate chemistry patterns into topographical 

structures to form two new gradients of nanocluster density gradient and nanodom-size 

gradient, which have not been previously reported. For this purpose, ordered arrays of reverse 

micellar templates were formed based on the microphase separation of block copolymers. 

Microphase-separated block copolymers spontaneously form periodic arrays of domains with 

defined size and separation, which can attract nanoparticles based on electrostatic interactions, 

transferring the patterns to nanoparticle assemblies. Usually, nanoparticles are attracted to one 

phase or block of the copolymer while being repelled from the other phase based on 

electrostatic charge (154). Bhat et al. have extensively studied the correlation between polymer 

properties i.e., the polymer molecular weight and polymer grafting density (MW/σ) and the 

size and distribution of nanoparticles in a polymer brush gradient (155-157). This could allow 

a chemistry gradient to be formed via the gradual tuning of grafting variables as a template to 

generate a nanoparticle density gradient. 

1.4.4 Two-dimensional chemistry and structural gradient 

A two-dimensional gradient is referred to as the perpendicular variation of two independent 

surface parameters. This class of surface gradients allows monitoring the biologic response as 

a function of two variables concurrently. It is highly desirable to investigate the biomolecule 

response to multivariate gradients as this offers more information than a single gradient in less 

time. As discussed in previous sections, the biomolecule-surface interactions are highly 

affected by both surface chemistry and surface morphology hence, the dual optimisation offers 

more advantages compared to individually fabricated morphology and chemistry gradients. 

Some of the reported orthogonal gradients are illustrated in Figure 15. 

 

1.4.4.1 The orthogonal gradient of two surface properties from the same category 

(chemistry or topography) 

There have been reports of an orthogonal surface gradient generated from two surface variables 

of the same category (e.g., both chemical or both topographical). Some of the examples are 

summarised below: 
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• Vapour diffusion technique/polymerisation via “grafting from” technique (Figure 15 a) 

One of the early studies of an orthogonal gradient with both chemistry gradients was conducted 

by Bhat et al. to investigate the impact of the thickness and density of the surface grafted 

polymer brush on nanoparticle assemblies (157). The study was carried out using two different 

precursors and two different approaches, first using a vapour diffusion technique to form a 

molecular weight gradient and then, via radical polymerisation based on grafting from 

approach to fabricate a grafting density gradient. The study allowed the impact of two chemical 

aspects of the polymeric surfaces on nanoparticle assembly to be investigated concurrently.  

• Photolithography for the generation of a master and injection moulding to transfer 

patterns (Figure 15 b) 

In another instance, the orthogonal variation of two surface topography parameters, the groove 

depth and groove spacing, was fabricated by a multi-step procedure including photolithography 

and dry etching to generate masters followed by an injection moulding technique to transfer 

patterns to the desired material surface. The orthogonal gradient fabricated offered the 

possibility of upscaling the process and allowed the systematic and simultaneous investigation 

of the response of different cells to two topography clues (94).  

 

1.4.4.2 The orthogonal gradient of two different surface properties 

• Electrochemistry approach (Figure 15c) 

In an orthogonal gradient of a topography and chemistry study, the electrochemistry approach 

was utilised to generate a Si pore size gradient in one direction by anodisation in an etching 

solution and varying current density followed by the electrografting of the ethyl-6-

bromohexanoate polymer brushes in the perpendicular direction by gradual variation of current 

density during reaction time. The orthogonal gradient prepared was used to study mesenchymal 

stem cell (MSC) behaviour after functionalising the chemical gradient with amino-terminated 

cyclic arginine-glycine-aspartic acid-D-phenylalaninelysine (c(RGDfK)) (158). The approach 

was advantageous due to the use of one technique (i.e. electrochemistry) to fabricate two 

gradients of different types, which avoided the need for a second instrument and shortens the 

process preparation time. Furthermore, an electrochemical approach intrinsically offers the 

possibility of scaling up the gradient fabrication.  
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• Photolithography for master fabrication followed by hot embossing/static mask-assisted 

plasma polymerisation (Figure 15d) 

The other orthogonal chemistry and topography gradient combination was reported by Yang et 

al. The group fabricated grooves with varying widths (5μm-95μm) by mask-enabled 

photolithography to fabricate the master and then patterns were transferred to the surface using 

a hot embossing technique. In the next stage, a plasma gradient coating with two precursors of 

allylamine and hexane was deposited with diffusion control (using a coverslip placed on the 

sample) in a perpendicular direction to the first gradient aiming to generate amine concentration 

gradient. The orthogonal gradient was used to study cell proliferation and morphology in 

response to surface chemistry and surface topography variations (159). While the hot 

embossing technique offers an inexpensive approach with the possibility of upscaling the 

process of gradient formation, a chemistry gradient with plasma polymerisation offers the 

advantages of fast, substrate-independent, environmentally friendly vapour phase deposition, 

which is implantable with a simple and affordable mask design. 

Table 4 summarises the abovementioned case studies in order to give further details about the 

materials, gradient attributes, possible or investigated applications and the ranking based on 

the author’s choice. 

1.4.4.3 The methods of choice 

In the current thesis, it was decided to investigate a 2D gradient consisting of two variables of 

different categories. The ranking in the table is based on the author’s preference of fabricating 

the chemistry gradient with plasma polymerisation, and the preferred method for developing a 

topography gradient is a technique that allows a simpler, inexpensive setup and avoids complex 

instrumentation with fewer processing steps. Therefore, we have chosen to develop an 

orthogonal gradient consisting of a structural gradient of a nanoparticle density gradient 

developed by a time-controlled colloidal lithography approach based on optimising the time 

required for maximum surface coverage. Then, a static mask-assisted plasma-enabled nitrogen-

functional chemistry gradient was fabricated in a perpendicular direction to the topography 

variations.  
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Figure 15. Several examples of the reported orthogonal gradients are presented: a) The two 

perpendicular chemistry gradients of molecular weight and graft density; b) The two perpendicular 

topography gradients of pitch and depth of the grooves; c) the topography gradient of pore size 

perpendicular to the chemistry gradient of peptide ligand density and, d) the topography gradient of 

groove pitch perpendicular to the chemical group density gradient. 
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Table 4. Some orthogonal gradients reported in the literature, with corresponding gradient attributes 

and applications are presented. The ratings are intended to show the author’s preference. 

Technique (gradient 

1/gradient 2) 
Precursors/substrate Surface variables Gradient length 

Developed or potential 

application 
Ref. 

 

Rating 

 

Chemistry gradient template 

to control the structural 

gradient: 

organosilane vapour diffusion 

technique / “grafting from” 

technique using atom transfer 

radical polymerisation 

Octyltrichlorosilane (OTS) for 

gradient 1 and Poly(2-

(dimethylamino) ethyl 

methacrylate) for gradient 2, silica 

substrate 

Molecular weight 

(MW) and grafting 

density (σ) variation 

leading to gold 

nanoparticle density 

gradient 

 

Total dimension: 

60 mm × 5 mm  

To study the assembly of 

nanoparticles on grafted 

polymer surfaces 

(157) *** 

 

Lithography methods: 

Photolithography and 

reactive etching to form 

masters, then an injection 

moulding step transferred 

patterns. 

Hexane (ppHex) film was deposited 

via plasma polymerisation in the 

master. 

Pitch and depth of 

grooves 

Total dimension: 

10 mm x 10 mm 

Investigation of the 

response of several types 

of cells to the 

topographical clues 

(94) *** 

Electrochemistry approach: 

Anodisation /electrografting 

The topography gradient and 

the chemistry gradient of ethyl-6-

bromohexanoate was functionalised 

with arginine-glycine-aspartic acid 

was generated on a porous Si 

substrate 

 

Pore size gradient and 

ethyl-6-

bromohexanoate 

group density 

variation 

Chemistry gradient: 

14 mm, topography 

gradient: 12 mm 

To investigate stem cell 

behaviour 

(158) *** 

Lithography methods: 

Photolithography for master 

fabrication followed by hot 

embossing/plasma 

polymerisation 

 

The groove width and allylamine 

(ppAAm) plasma gradient were 

implemented on a Si substrate 

Groove width gradient 

and amine-group 

concentration gradient 

Total dimension: 

10 mm x 10 mm 

To study cell proliferation 

and morphology 

(159) **** 

 

1.5 Aim of the thesis 

In the present thesis, rather than developing a full biosensor, we concentrated solely on the 

material surface, with a special focus on developing a versatile bio-interface optimisation tool 

which can be utilised to improve surface physicochemical properties. The proposed platform 

has potential applications for developing both plasmonic substrates for biosensing i.e. surface-
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enhanced Raman scattering as well as a platform for conducting tissue-engineering studies or 

many other studies needing complex combinatorial tools.  

We believe that surface gradients are the best tool for optimising the physiochemical 

biointerface properties from many aspects, as discussed before. In this thesis, we aimed to 

prepare functional molecular and structural gradients for biosensing applications by controlling 

interactions between surface and molecular-level species as a function of distance across the 

surface. For this purpose, initially, several 1-D chemistry and 1-D topography (structural) 

gradients were developed and investigated for surface characteristics and gradient attributes. 

Then, as the ultimate objective, we explored the possibility of developing orthogonal gradients 

by varying two different categories of surface properties, i.e., i) a gold nanoparticle density 

gradient generated on the surface of a plasma-enabled nitrogen-functional homogenous bilayer 

coating, which was later coated with ii) a %N gradient of 4 distinct coatings deposited with a 

masking device and with a gradual increase of the NH3 flow rate with respect to ethylene 

(NH3/C2H4). 

1.5.1 Fabricating 1-D chemistry gradients 

We employed two separate plasma techniques, each with a different method for preparing 1-D 

surface chemistry gradients. With the first technique, the objective was to generate a density 

gradient of the oxygen-containing functional group along the surface using a 

hexamethyldisiloxane precursor and gradually increasing the oxygen flow rate. For a 

continuous surface gradient, the atmospheric pressure corona jet was programmed to move 

along the fixed polypropylene sample at certain intervals and deposit the coating according to 

the pre-adjusted electrical plasma and spatial displacement conditions. By developing the 

surface chemistry gradient, the ideal was to achieve a wide range of wettability from highly 

hydrophobic to a completely wettable surface. 

The second approach for fabricating a chemistry gradient was attempted in static mode using 

low-pressure capacitively-coupled RF plasma and using a mask to generate a density gradient 

of groups containing nitrogen. The mask design was adapted to implement the deposition 

precisely onto the defined areas for each amino-functional coating. The deposition parameters 

were selected accordingly to ensure the highest chemical stability in aqueous media for those 

coatings with a higher nitrogen content (N%). 

1.5.2 Fabricating 1-D topography/structural gradients 

The second objective was to introduce a simple fabrication method for generating 1-D 

structural gradients on templated surfaces, using a colloidal lithography technique. The idea 
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was to obtain the maximum surface coverage possible with structures, relying on a rational 

design which was made by considering the kinetics of adsorption using QCM mass-time curves 

obtained in real-time after a colloidal suspension/salt solution was incubated with each 

template. Based on this, the optimum flow rate required for the controlled introduction of the 

colloidal suspension/salt solution was calculated. Upon the dropwise introduction of the fluid 

with the determined rate, the gradually rising fluid generated a gradient in the time of 

incubation on the surface, which manifested itself as the density/size gradient of surface 

nanostrucutres. More details on the up will be provided in chapter 2 (2.1.3). 

1.5.3 Fabricating the Orthogonal gradient  

Increasing the number of independent variables (or increasing the dimension of a gradient) 

increases the degree of freedom, giving higher selectivity and control over the surface 

characteristics. Therefore, after evaluation of the results for 1-D gradients, the goal was to 

demonstrate the possibility of combining the two independent variables in one single sample, 

or other words, the double optimisation of surface properties. Since both the topography and 

chemistry clues impact biomolecule-surface interactions, the simultaneous variation of both 

types of variables and assessment of the biological response is more advantageous than 

studying only one type of variable. As will be shown, depositing the top coating (1-D chemistry 

gradient) on the topography gradient requires careful optimisation of the coating thickness, as 

a thicker coating affects the roughness and morphology of the surface. This optimisation of the 

thickness to retain the roughness factor needs to be done without sacrificing the stability of 

amino-functional coating in aqueous media since a thinner coating is more susceptible to 

dissolution in water. It was observed that a thick coating (similar to or bigger than the diameter 

of the nanoparticles) would decrease the overall roughness factor parameter and diminish 

wettability variation for the hydrophilic and slightly hydrophilic coatings. On the other hand, 

apart from the topography and chemistry variation, due to the plasmonic feature of the 

underlying gold nanoparticles, the thinnest possible coating that allows benefits from this 

feature for developing plasmonic bio-interfaces could be a subject for future studies. 
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Chapter 2:  Experimental  

This chapter lays out all the fabrication steps of the coatings and synthesis of materials 

developed in the framework of the current thesis, along with theories of the characterisation 

methods employed with the relevant instrumentational specifications.  

Beginning with the coatings, first, preparation steps for the two different plasma-enabled 

chemistry gradient coatings are introduced and next, the two different stochastic and two 

different periodical and time-controlled unidirectional topography gradients are presented (in 

total, four coatings).  

Finally, the selected method for fabricating orthogonal (2D) gradients by combining one of the 

selected unidirectional chemistry gradients with one of the selected topography gradients are 

introduced. 

The next section is dedicated to surface characterisation and particle analysis methods. The 

specifications of the characterisation instruments and the user-adjusted parameters are briefly 

presented followed by the underlying theory and principles of each characterisation method. 

2.1 Fabrication and synthesis 

2.1.1 Fabricating the first chemistry gradient: 1-D oxygen-containing chemistry 

gradient 

2.1.1.1 -plasma phenomenon 

Plasma, whether as a naturally occurring phenomenon (solar corona, lightning strikes, etc.) or 

industrial plasma, is characterised based on two parameters: electron temperature and electron 

density. For instance, solar core, stars and fusion reactors tend to have a high temperature and 

electron density while the industrial plasmas used for routine material surface treatment 

(whether thermal or non-thermal) are identified with relatively lower temperatures and electron 

density. For instance, capacitively coupled plasma and corona discharge, which are used for 

material treatment and film deposition, have electron densities and electron temperatures of 

1016 e/m3 , 1014-1017 e/m3 and 4x 104 K , T<500 K, respectively (160, 161), compared to 1032 

e/m3  and 2x 107 K in stars (162). 

Figure 16 shows how various plasmas are positioned based on electron density and electron 

temperature. 
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Figure 16. Various types of natural and artificial plasma are positioned based on electron 

temperature and electron density. Obtained from: https://pdml.engr.tamu.edu 

 

Plasma offers a media that can be utilised to initiate reactions through fragmentation, 

ionisation, the recombination of molecules and the formation/deposition of polymers. For 

instance, some of the mechanisms investigated for plasma-assisted polymerisation in low-

pressure glow discharge plasma are i) classical chain-growth polymerisation based on the 

formation of either radicals or ions that are produced inside the plasma, ii) ion-molecule 

reactions where ions produced by fragmentation play the main role, iii) monomer 

fragmentation-poly-recombination, which yields irregular and randomly shaped structures, etc. 

(163). Atmospheric pressure plasma, such as corona jets are widely applied for the treatment 

of heat and vacuum-sensitive material surfaces, ranging from synthetic polymers to body 

tissues and food, without damaging/altering the material. Corona operates under an open 

atmosphere and demonstrates a filamentary discharge which is capable of coating smaller areas 

and can be automated for batch processing. 

Several types of plasma technologies are adapted for film coating and surface modification 

approaches, which are chosen depending on several considerations e.g. the sensitivity of the 

material to be treated, required homogeneity, and the dimension of the treated area. Film 

deposition with nonthermal atmospheric-pressure plasma jets including corona jets has been 
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studied extensively as they offer the advantages of affordability, (due to avoiding expensive 

vacuum systems) and the possibility of treating thermo-sensitive substrates. 

The corona discharge is a filamentary discharge usually formed on a sharp tip, or the edge of 

an electrode as a result of strong electric fields and relatively low applied voltages in 

atmospheric pressure (164). The corona is also known as one-electrode plasma since discharge 

is formed between an electrode and an insulating platform, rather than between two electrodes 

(165). Corona discharge has been widely employed in the coating industry for the modification 

of polymer surfaces, especially polyolefins, namely polyethylene and polypropylene, which 

aim to increase surface adhesion, and printability with inks, imparting of laminability and 

modification of the surface energy of polymers (166, 167). Corona-enhanced chemical vapour 

deposition techniques have been adapted for the deposition of organosilane coatings, which 

have well-recognised chemistry with a wide range of applications (168-170). Herein, the 

fabrication of the density gradient of the oxygen-functional group is presented with a one-step 

process using a corona jet. The advantages of plasma polymerisation, including the tunability 

of surface chemistry, substrate-independent polymerisation, gas-phase deposition and the 

possibility of deposition on heat-sensitive substrates, are combined with the design of the 

corona jet, which enables maskless and up-scalable surface deposition. 

Hexamethyldisiloxane, a well-known organosilicon molecule, was selected as the 

polymerisation precursor since it has been extensively investigated, and the mechanism of film 

growth and polymerisation is broadly discussed. Incorporating an oxidant such as oxygen 

increases the diversity attainable in the chemical composition and wettability characteristics of 

the thin film. The gradient formation was based on the gradual incorporation of oxygen into 

the plasma system, which eliminates methyl groups from the initial organic precursor and is 

substituted in the polymer chain during polymerisation up to the point where ideally all the 

methyl moieties are finally eliminated and a silicate polymer network (silicon atom linked to 

four oxygen ones), a purely inorganic coating, is formed. Some part of the polymerisation 

process is demonstrated in Figure 17. 

 



73 
 

 

Figure 17. The steps involved in the plasma-assisted polymerisation of siloxane obtained from 

(171). 

 

A fully automated corona jet system from AlmaPlasma srl connected to a computer numerical 

control (CNC) pantograph and remotely controlled high-voltage pulse generator (AlmaPULSE, 

AlmaPlasma Srl) was used to deposit the coatings. A remotely controlled liquid and gas console 

with four mass flow controllers (EL-FLOW, Bronkhorst), a liquid flow meter (miniCORI flow, 

Bronkhorst), and a controlled evaporation mixer comprised the flow system (CEM, 

Bronkhorst). A single high-voltage electrode was the plasma source, of AlmaJET, fixed on the 

head of the CNC system as previously described in (172), suited for localized plasma 

depositions. The three gas streams were introduced during the operation through separate 

inlets, as follows: i) The primary gas was injected into the plasma discharge zone via channel 

I at the top section of the source. It included 2.0 slpm of argon (Ar) as a carrier, 0.2 g/h (0.0043 

ml/min) of hexamethyldisiloxane (HMDSO, Sigma Aldrich), and progressively changing 

oxygen levels ranging from 0 to 400 ml/min (0 to 0.4 slpm). These are also reported as 

percentages (0–7.4%), for the ratio of oxygen to the whole argon supply in the discharge or, 

molar ratios of oxygen to the monomer flow rate (O2/HMDSO): 0, 17, 35, 70, 175, 262, 350, 

were introduced to deposit the chemistry gradient; ii) The secondary gas of 3 slpm Ar, was 

introduced through a channel below the downstream of the high-voltage electrode tip; iii) A 

shield gas with 3 slpm of nitrogen (N2), was also introduced at the exit of the plasma source 

through a separate channel in order to contain the plasma from the surrounding atmosphere. 

After preliminary trials, 15 mm distance between the exit of the plasma jet and the surface of 
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the substrate was defined as the optimal distance. Two types of coatings were deposited on 

polyethylene foil with approximately 500 µm thickness: a) individually or statistically 

deposited coatings and b) the continuously deposited gradient coating or dynamic deposition. 

The statically deposited coatings were approximately 2 cm in size deposited for 60 seconds, 

and the dynamic deposition (the gradient) was carried out at a rate of 15 mm/min. 

Figure 18. depicts the AlmaJET configuration, including gas supply inlets and the filamentary 

corona discharge. 

 

 

Figure 18. The corona jet source setup. a) The three channels for gas supply and the high voltage 

electrode; b) 3D view of the jet; c) Plasma treatment of a substrate; d) The closer view of the free-

flow discharge. 

 

2.1.1.2 Deposition of spots 

The static mode deposition of HMDSO polymers was implemented on polyethylene 

transparent films for a 60-second time duration. Seven coatings were deposited using the static 

mode, starting from the first sample which was deposited in the absence of oxygen, gradually 

increasing the O2 admixture up to 400 ml/min i.e., 7.4% O2 content.  

2.1.1.3 Dynamic deposition 

After the optimisation of the plasma parameters for static deposition, similar settings were 

applied for dynamic deposition with a process rate of 15 mm/min. (i.e., the speed at which the 
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plasma jet was displaced along the surface). The oxygen flow rate started from 0 to 80 ml/min 

O2 (0-5.7%) and electrical parameters were maintained consistent at 12 kV-12 kHz; however, 

when the flow rate exceeded 80 ml/min (5.7%), to provide more energy for efficient gas 

dissociation and to prevent jet quenching due to the higher suppliance of O2 molecules, the 

electrical parameters were switched to 15 kV-15 kHz.  

2.1.2 Fabricating the second chemistry gradient: 1-D nitrogen-containing 
chemistry gradient 

2.1.2.1 Deposition conditions and mask design 

Plasma-polymerised amino-functional coatings have been investigated for a variety of 

applications, in areas ranging from the medical field (173) to material science e.g. to increase 

interfacial adhesion in fibre-based composites by establishing amine bonds between the fibre 

surface with epoxy groups of the resins (174), through the dying and coloration of textile 

surfaces by binding dye molecules with a NH3/C2H4 polymerised coating (175), and the 

selectivity improvement of the proton over co-ions after coating ion-exchange membranes (i.e. 

Nafion®) with an NH3/C2H4 coating for ion-selective electrode fabrication (176).  

The amino-functional density gradient was fabricated based on the set-up described in (107). 

Briefly, a capacitively-coupled plasma with a 13.56 MHz radiofrequency (RF) source was used 

to deposit the coatings (See Figure 19). The chemistry gradient was generated by employing a 

static masking device and by adjusting the precursor ratio (NH3/C2H4) and power input. As 

shown in Figure 20, a total of four distinct areas, each corresponding to a deposition condition 

were formed by using the mask and tuning plasma parameters.  

 

 

Figure 19. A cylindrical plasma chamber in the symmetrical setup involves two plane parallel 

electrodes, one connected to the RF source and the other grounded. 

 

Sample 
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Figure 20. Mask-enabled chemistry gradient along the width of the chip. 

 

The mask allowed the deposition of four distinct areas along the width of the sample and 

perpendicular to the nanoparticle density gradient. For this, a polymeric (PEEK polymer) 

masking device was fabricated, consisting of two parts, a plate including grooves to place chips 

and a cover with narrow slits, to partially cover the sample. Each slit was 2.5 mm wide and 10 

cm long. The samples were fixed inside the grooves of the plate, then the cover was fixed on 

the plate using one of the two pins. After assembling the two parts, the whole mask was placed 

inside the capacitively coupled plasma chamber for the first deposition. After the deposition of 

the first coating, the cap of the mask was removed and fixed on the second pin. After 

completion of the second coating, the cover was inverted by 180° and the third and last coating 

was deposited by displacing the cover slits on top of the plate using the two pins. The vertical 

distance between the plate and cover was adjusted to minimise the diffusion of plasma under 

the plate. 20 numbers of 2x1 cm chips were able to be coated simultaneously by the fabricated 

mask. An overview of the device is shown in Figure 21. The double pressure in the last coating 

was generated manually by adjusting the plate valve leading to the vacuum pump, because 

when the valve is partly closed, the pressure increases, as new gas is introduced into the reactor 

continuously during deposition. 

 

1) NH3/C2H4: 0/7 sccm, Thickness: 25 nm

2) NH3/C2H4: 4/7 sccm, Thickness: 25 nm

3) NH3/C2H4 : 4/7 sccm, Thickness 20 nm + NH3/C2H4 : 7/7 

sccm, Thickness 5 nm

4) NH3/C2H4 : 4/7 sccm, Thickness 20 nm + NH3/C2H4 : 7/7 

sccm, Thickness 5 nm

1 cm

2 cm

1)

2)

3)

4)
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Figure 21. The mask design: a) plate with grooves containing samples, b) cover containing slits, c) 

side view of the two parts fixed with screws 

 

2.1.3 Fabricating structural gradient 

All the structural gradients in this section are generated based on electrostatic interactions 

between the solid substrate, which is functionalised with positively charged domains, and 

negatively charged particles/molecules in the liquid phase. The time factor allows the number 

of particles/molecules interacting with the surface to be controlled, hence providing a tool for 

gradually generating a varying size or density of the surface nanostructures along the substrate. 

The experimental setup that we have proposed uses spatial control to enable different times of 

exposure of the surface to the particles/molecules which are introduced to the experimental 

vessel (see Figure 22).  

The experimental setup is designed to set the maximum surface coverage time and correlate 

the number of adsorbed particles on the surface, with the time of incubation at each point along 

the length. The gradient was prepared on a chip, which was placed vertically inside a vial 

containing an aqueous suspension of nanoparticles or a precursor solution that rose gradually. 

The increase in volume expands the exposed length of the chip to the solution linearly and 

indirectly controls the duration of exposure of the different points of the chip. The time of 

exposure, in turn, controls the adsorbate's surface density and, as a result, the nanoparticle 

densities or size of the generated nanoparticles. Prior knowledge of the surface density of the 

adsorbate versus the duration of exposure from the adsorption isotherm, measured using a 

quartz crystal microbalance (QCM), allows the process parameters to be determined rationally. 

a) b)

c)
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The rate of volume increase determines the rate of the exposure length, which may be 

accurately controlled using a microfluidic pump with a given flow rate (f) and the selection of 

a vessel with an appropriate cross-section (which in our case was cylindrical, with radius r). 

The following are the design criteria that allow us to convert the time dependency of the 

processes, as acquired from QCM, into the spatial relation of the ultimate gradient: (a) QCM 

provides the time (𝑡) necessary to reach the maximum surface coverage or density (𝑁) with the 

adsorbate; (b) the defined length of the gradient (L), and the time (t) to achieve the surface 

density N, were placed in equation 1 to determine the rate of increase in the height of the 

solution (the same as the distance of the chip exposed to the solution). A microfluidic pressure 

pump dedicated to droplet formation with µl/min flow rates with minimal pulses (ideally 

pulseless) was used to set a flow rate, 𝑓, considering the cross-section of the experiment vial 

(which, in this case, is a cylindrical vial with a radius r), to measure the equivalent volume 

increase required for the desired height increase (Eq (2.1)). Based on the equation, 𝑡𝑙 gives the 

length of exposure of any place at a distance l from the start of the gradient. where 𝑡𝑙 is 

determined by the distance of the point from the start, and the speed of increase of height of 

the solution front (Eq (2.2)). 

𝑓 =  𝜋𝑟2𝐿𝑡                                                                                (2.1)                                                                                                                                     

                                                        

 

𝑡𝑙 =
𝑡  (𝐿−𝑙) 

𝐿
                                                                                (2.2)                                                                                                                              
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Figure 22. Fabrication process starting from QCM measurements by monitoring nanoparticle 

interaction with each functionalised surface, converting the recorded kinetic curves to mass 

variation vs time to allow the estimation of the incubation time required for surface saturation, 

followed by a gradient experiment based on the dropwise introduction of nanoparticle dispersion 

inside a vessel using flow rate obtained from saturation time. When fluid travels upwards and 

covers the sample surface, time-dependent surface coverage based on the electrostatic adsorption of 

the particles with surface functional groups/domains leads to the distribution of particles along the 

vertical direction and the formation of density gradient. 

 

2.1.3.1 Synthesis of citrate-capped gold nanoparticles 

Citrate-capped gold nanoparticles were synthesised based on the Turkevich method under the 

reflux system (177). Citrate is used both as stabilising and reducing agent and upon reaction 

with a hydrogen tetrachloroaurate (HAuCl4) solution, reduces the ionic Au3+ to colloidal gold 

particles. In summary, 30 mL of a gold chloride solution (1.02 mM) was heated to boiling point 

while the solvent was being refluxed. After boiling, a 6 mL of 38.80 mM sodium citrate 

solution was transferred to the flask via its side inlet and was allowed to react for 10 minutes 

until a wine-red colour appeared.  

2.1.3.2 Fabrication of templates 

- Self-Assembled Monolayers  

The vapour phase deposition approach was used to create a monolayer of (3-aminopropyl)-

trimethoxysilane (APTES) on silicon and glass substrates. First, the substrates were cleaned 
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with reactive ion etching (Oxford Plasmalab 80, UK), by O2 plasma (15 mtorr, 100 mW) for 3 

minutes. 

 

The substrates with the activated surfaces were placed inside a vacuum desiccator and 

incubated with APTES vapours under the pressure of approximately 5x10-3 mTorr for 2h. 

Finally, samples were rinsed with isopropyl alcohol and dried. 

- CHN plasma bilayer 

Using a previously developed approach (107), smooth amino-containing CHN plasma polymer 

layers were generated using RF-driven capacitively coupled discharge in a vacuum reactor. A 

bilayer coating was designed to enhance the chemical stability of the upper amine functional 

layer in aqueous media, as polar amine groups have a natural tendency to dissolve inside protic 

solvents which leads to the decomposition of the deposited thin layer.  As a result, a vertical 

gradient of plasma polymers was deposited, consisting of a strongly crosslinked platform layer 

and a less crosslinked amino-functional upper thin layer with a total thickness of 20 nm by 

tuning the power input and plasma precursor (NH3/C2H4) flow ratio. The high input power 

resulted in intensive fragmentation and a more crosslinked and less functional layer, while a 

decrease in power and increase in ammonia ratio led to the generation of a maximum 1 nm 

upper functional layer with higher nitrogen content. The deposition conditions are summarised 

in Table 5. Summary of plasma deposition conditions for the thin films employed in different 

steps. for all the plasma-deposited coatings using capacitively coupled plasma which are 

discussed in this manuscript. 

 

- Fabrication of micellar templates 

 The micellar templates were developed using a previously published method (178). Briefly, 

thin-film templates of PS-b-P2VP were spin-coated on Si and glass substrates followed by 

subsequent heating and solvent evaporation steps. Micellar substrates were further etched by 

reactive ion etching to better define patterns and remove any leftover polymers between 

micelles for developing gold nanoclusters. As each reverse micelle was utilised as a template 

for fabricating a nanoparticle cluster, the desired template size and cluster spacing were tailored 

using an oxygen reactive plasma etching process. 
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Table 5. Summary of plasma deposition conditions for the thin films employed in different steps. 

Properties Thickness (nm) 
NH3/C2H4 ratio 

(sccm/sccm) 

Power 

(W) 

Pressure 

(mbar) 

Deposition time 

(s) 

 

CHN platform 

 

Top layer 1 7/7 50 0.1 10 

Base layer 19 4/7 70 0.1 60 

 

Chemistry gradient 

 

Coating 1 25 10 0/7 70 0.1 150 60 

Coating 2 25 10 4/7 70 0.1 166 66 

Coating 3 

5 (tl) 

+ 20 

(bl) 

1 (tl) 

+ 10 

(bl) 

7/7 (tl) + 4/7(bl) 
50 

(tl)/70(bl) 
0.1/0.1 63/133 13/66 

Coating 4 

5 (tl) 

+ 20 

(bl) 

1 (tl) 

+ 10 

(bl) 

7/7 (tl) + 4/7(bl) 
50 

(tl)/70(bl) 

0.2 (tl)/0.1 

(bl) 
52/133 10/66 

Properties Thickness (nm) 
NH3/C2H4 ratio 

(sccm) 

Power 

(W) 

Pressure 

(mbar) 

Deposition time 

(s) 

tl: top layer, bl: bottom layer 

 

2.1.3.3 Fabricating gold nanoparticle and gold nanocluster/nanodom gradients 

Systematic studies to define a robust protocol that correlates the process and surface structure 

require numerous experiments to be conducted. As a result, a simplistic method for fabricating 

1-D spatial gradients using metal nanoparticles/nanostructures of varying density and/or size 

is very desirable. We present a simple protocol based on the time-dependent physisorption or 

chemisorption of colloidal particles from aqueous media on a solid surface. The gradient set-

up was based on certain rational design criteria as shown in Figure 22. It was assumed that the 

strong electrostatic irreversible interaction between particles and substrate follows the random 

sequential adsorption theory (RSA) model in which the maximum surface coverage predicted 
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for an infinite time of incubation t∞ is 54.7% for high ionic strengths. The following equation 

provides the surface coverage fraction θ as a function of time: 

 
𝑑𝜃

𝑑𝑡
= 𝑘𝑎   𝑛. 𝐵(𝜃) − 𝑘𝑑                                                                                                                     (2.3) 

where n is the bulk concentration of particles, ka and kd, are rates of adsorption and desorption 

respectively, and B(θ) is the blocking function with the maximum value of 1, corresponding to 

the free surface at the beginning of adsorption. More in-depth analysis has been attempted to 

define the blocking function and the saturation coverage considering the geometry of the 

substrate.  

The Langmuir adsorption model assumes that B(θ) = θ∞ − θ and that the adsorption is 

reversible. The θ∞ is called the jamming limit or saturation coverage. Rearranging the previous 

equation by replacing B(θ), we obtain the Langmuir adsorption equation: 

𝜃 =
𝑘𝑒𝑞   

𝑛

1+ 𝑘𝑒𝑞   
𝑛  𝜃∞                                                                                                                                 (2.4) 

Where, Keq=ka/kd. 

Via Monte Carlo calculations, it is possible to obtain theoretical values of B(θ) and θ∞ for 

different surface geometries (179). Figure 23 depicts two surfaces with different surface 

geometries and the same length/diameter to demonstrate the influence of surface topography 

variation on surface coverage. Curved geometries obviously adopt a greater number of particles 

as compared to a flat surface of the same length. 

 

  

Figure 23. The occupancies of the one-dimensional flat surface and the hemisphere surface are 

compared. Particles of the same size occupy the hemisphere with a perimeter of L more than the 

flat substrate with the length of L. 

 

However, as mentioned, Langmuir describes reversible adsorption in an equilibrium system. 

For non-ideal systems, the empirical Freundlich isotherm can be employed: 

dL

L
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𝑞𝑒 =  𝑘𝑓 𝐶𝑒
𝑛

      
                                                                                                                                (2.5) 

The logarithmic form of the equation can be written as: 

log 𝑞𝑒 =  log 𝑘𝑓 + 𝑛 log 𝐶𝑒                                                                                                          (2.6) 

where qe is the equilibrium quantity of solute adsorbed per unit weight of the solid, kf denotes 

the Freundlich constant, n denotes the Freundlich exponent, and Ce represents the equilibrium 

concentration of solute in the solution (180). From an energy aspect, according to Langmuir, 

all the adsorption sites for the adsorbate have identical energy and according to Freundlich, 

there is heterogeneity which causes a logarithmic decrease of adsorption energy when the 

surface coverage increases (181). To satisfy the conditions of both isotherms, attempts have 

been made to merge both equations. 

The Sip’s equation known as Langmuir-Freundlich is a versatile combination of both isotherms 

(182): 

q =  
𝑄𝑚     (𝐾𝑎𝐶𝑒𝑞)

𝑛

(𝐾𝑎𝐶𝑒𝑞)
𝑛

 +1
      

                                                                                                                      (2.7) 

where q is the amount of adsorbate (mg/g), Qm indicates the system's absorption capability (mg 

of sorbate/ g sorbent), Ka is the adsorption affinity constant (L/mg), Ce is the equilibrium 

concentration of solute and n is the index of heterogeneity. 

 

2.2 Analysis and surface characterisation 

The evaluation step is crucial after fabrication and we have used classic and modern 

characterisation tools for all coatings and gradients (chemical and topography). Here, the 

theoretical description and the instrumental specifications are provided for each type. 

2.2.1 FTIR 

2.2.1.1 Method 

Chemical characterisation was performed on samples using ATR mode of Agilent Cary 660 

FTIR spectrometer, equipped with monolithic diamond crystal with the beam set at 45°, 

performing 32 scans with a scan resolution of 4 cm-1. Following data acquisition, each spectrum 

was subjected to a baseline correction. The spectra were normalised to a prominent 

characteristic peak of the substrate, the CH2 stretching band at ~ 2913 cm-1, since it was 

constant and was not involved in the polymerisation reaction. The deconvolution was 

performed (by Origin lab software) on the Si-O-Si wide peak at 1000-1250 cm-1 in all spectra 
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for the static deposition mode as well as linear gradients based on Gaussian curve fitting. The 

peak was deconvoluted to the corresponding different vibrational modes all assigned to Si-O-

Si.  

2.2.1.2 Theory of FTIR 

The molecular level characterisation of organic materials, e.g., polymers is possible through 

vibrational spectroscopy and by studying the vibrational modes of groups of bounded atoms, 

as a result of excitation with incident light. The energy gap between the excited vibration state 

and the initial state is shown in the following formula:  

𝐸𝑣𝑖𝑏 = 𝐸𝑛+1 − 𝐸𝑛  = ℎ𝑐ν˜                                                                                                          (2.9) 

Different vibrational modes are possible, with stretching, bending, and torsion being the main 

modes, and each mode appears at different frequencies. The total theoretical normal modes for 

a molecule with N atoms are calculated by 3N - 6. Two dominant vibrational spectroscopy 

techniques for chemical composition characterisation are Infrared (IR) spectroscopy and 

Raman Spectroscopy, which are selected based on the responsiveness of the molecule or group 

of bonded atoms to either dipole moment changes (IR) or polarizability (Raman) (183). 

As mentioned, the applicability of IR spectroscopy relies on the nature of the chemical bonds 

of interest. The basic intention of using IR is to record the changes in the intensity of IR 

electromagnetic radiation at each frequency, after interaction with a material, which is obtained 

in a form of the spectrum showing the ratio of the intensity before and after the light Interaction 

plotted versus frequency. Since the first commercialisation of IR spectrometers in 1940, the 

technique has witnessed numerous advancements. The biggest progress was the integration of 

the Michelson interferometer as the dispersing element, and the Fourier transform (FT) to 

convert the signal to the conventional intensity-frequency output, which led to considerable 

enhancement in the sensitivity of the IR. There are three defining parameters in each FT-IR 

spectrum; i) peak position, which is used for qualitative analysis and the identification of the 

bonds, ii) the peak width, which gives information about the homogeneity of the chemical 

bonding or any bond defects and iii) the area under the peak (integration of the peak intensity), 

which is utilised for acquiring quantitative information (184). 

FTIR emerged as a routine surface analysis tool after the technical improvements, due to some 

advantages over other surface analysis techniques i.e., no need for operation under high 

vacuum and non-destructive to the samples. The most widely employed FTIR spectroscopy 

techniques for surface analysis are transmission and techniques based on reflection (185). 
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In this work, we selected ATR mode for both the identification and quantification of the 

deposited polymer films. 

Attenuated total reflectance (ATR) is a technique based on internal reflection phenomena and 

consists of a crystal with a high refractive index, which is brought into contact with the sample 

with a lower refractive index. When the IR beam reaches the interface between the crystal and 

sample, part of it will be refracted into the sample. However, according to the law of refraction, 

when the angle of the incident light increases to a critical point, the beam will not be refracted 

into the sample but will undergo several refractions inside the crystal, which is attributed to the 

internal refraction (see Figure 24). The critical angle is obtained by the equation below, known 

as Snell’s law: 

𝜃𝑐 = sin−1 𝑛𝑠
𝑛𝑐

⁄                                                                                                     (2.10)                                                                                                                                                   

While 𝜃𝑐 is the critical angle, and ns and nc are the refractive index for the sample and the 

crystal, respectively. 

 

 

Figure 24. The reflection and refraction of the light beam travelling between two materials with 

different refractive indexes. 

 

When the angle of incident is higher than the critical value, the two beams, incident and 

refractive, might interfere, leading to the increased amplitude of IR at the point of internal 

refraction. These points are placed a few microns above the crystal surface, called evanescent 

waves or hot spots. The beam in these particular points is partially absorbed by the sample and 

attenuated, and then it will be transmitted to the detector. The penetration depth of the beam 

inside the sample can be obtained by the following equation: 

n1

n2

θi = θc θi > θcθi < θc

Crystal

Material

Partial reflection Critical angle Total reflection
n1> n2
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𝐷𝑃 = 1
[2𝜋𝑊𝑛𝑐 (𝑠𝑖𝑛2 𝜃 − 𝑛𝑠𝑐

2 )0.5]⁄                                                                                (2.11)

                                                                                      

where DP is Depth of penetration, W is Wavenumber, nc equals the refractive index of 

crystal, ns is the refractive index of the sample, θ is the incident angle and nsc = 
𝑛𝑠

𝑛𝑐
⁄  

As is evident from the formula, the penetration depth is reversely proportionate to the 

wavelength; therefore, for higher wavelengths, the DP will be lower, leading to low intensity 

or peak height. The other parameter, reversely proportionate to the DP, is the incident angle 

which can be adjusted through plugins to obtain the desired intensity by optimising the DP 

(186). The basic schematic of the ATR-FTIR instrument is represented in Figure 25: 

 

 

 

Figure 25. Basic schematic representing ATR-FTIR instrument components. 

 

2.2.2 ToF-SIMS 

2.2.2.1 Method 

The ToF-SIMS characterisation was performed on the chemistry gradients developed by 

plasma polymerisation aiming to understand the local chemistry of the surface based on the 

detected molecular fragments, which give clues about the polymerisation mechanism. The 

analyses were performed using an IonToF ToFSIMS.V (Münster, Germany) equipped with a 

25 keV pulsed Bi3+ cluster ion source delivering 0.48 pA target current for surface spectra and 

imaging experiments. Since the primary ion beam is rastered all over the sample (usually over 

500 x 500 μm2), the single spectra obtained on this surface may be utilised for retroactive image 

extraction of any secondary ion's lateral diswastribution. In this study, stage scan mode was 

Detector

ATR crystal

Polarizer
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performed, allowing ion images from both the positively and negatively-charged secondary 

ions, with large size.  

2.2.2.2 Theory of the technique 

Time-of-Flight Secondary Ion Mass Spectrometry (TOF-SIMS) is a potent surface-sensitive 

chemical analysis tool capable of analysing almost any type of material with precise 

information on chemical composition and molecular structure in a local monolayer level with 

high sensitivity and high mass and lateral resolution.  

As depicted in Figure 26, the static SIMS is based on sputtering a solid material surface with 

low numbers of the primary ion beam (≦1011 ions per cm2), which causes successive collisions 

of atoms and as a result of receiving the kinetic energy of the primary beam, some atoms may 

return to the surface and finally be ejected as neutral particles, positive or negative secondary 

ions (187).  

A time of flight (TOF) mass analyser coupled with static SIMS has resulted in several 

advantages over previously adapted quadrupole analysers for the acquisition of mass spectra 

owing to its high transmission, inherent panoramic registration as well as the possibility of 

providing an unlimited mass (m/z) range, which enables the detection of high molecular weight 

polymers (188). 

After sputtering, the ejected ions from the surface are directed to the mass analyser, however, 

they need to enter the flight path of the mass analyser simultaneously or with minimal pauses, 

therefore, pulses are applied during the sputtering or surface bombardment. Accordingly, all 

those ions enter the flight path under an accelerating fixed voltage with almost the same kinetic 

energy. Considering the abovementioned assumptions, the mass of the entering ions is 

calculated by the following equation: 

 
𝑚

𝑧
 =  

2 𝑈
𝑎𝑐   𝑇2

𝐿2                                                                                                                                  (2.12) 

 

Where T is the time of flight, L is the flight path and Uac is the accelerating fixed voltage (187). 
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Figure 26. Static SIMS process of sputtering metal surface with primary ion and the emitted 

secondary ions as a result of collisions. 

 

In addition to spectroscopy, the TOF-SIMS imaging mode is established to provide information 

on the lateral distribution of the material. Imaging is obtained by focused pulsed ion irradiation 

of the surface using an ion microscope followed by the position-sensitive detection of the 

secondary ions from every pixel.  

In imaging systems with a TOF analyser, there is a compromise between lateral resolution, 

which requires long pulses, and mass resolution, which in contrast, requires short pulses. 

Therefore, while for spectroscopy the spatial resolution limits can go beyond 50 nm, for pulsed 

imaging, the limits at best are in the range of 50-80 nm, which can worsen by increasing the 

mass resolution. Images provide both the topography and material contrast and may also be 

used to reconstruct the spectra for the given region of the image (189). Since every image 

carries a tremendous amount of data and every pixel of the image carries the information of a 

full spectrum, sometimes it is desirable to select a small portion of every image and extract the 

corresponding spectrum. This is especially useful when there is a chemical inhomogeneity (e.g. 

two interfacing materials (190)) or a distinct surface structure that needs to be focused on and 

studied separately. 

A basic schema showing the instrumentation of TOF-SIMS and the output corresponding to 

dynamic (depth profiling), static SIMS and imaging modes are provided in Figure 27. 

 

Ejected ions 

Primary ion

(M + H)+

(M – H)-

(M + Me)+
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Figure 27. TOF-SIMS instrumentation and components (17). 

 

2.2.2.2.1 Analysis 

The molecular surface analysis with TOF-SIMS is usually achieved based on three forms of 

information: i) Total area mass spectrum, ii) Chemical mapping and iii) imaging. Additionally, 

depth profiling is preferred if the sub-layers of the material surface need to be investigated and 

3D imaging can also be obtained to study the distribution of materials. 

The collected fragments are analysed, and all the corresponding m/z values are plotted versus 

the intensity/frequency of each detected fragment in the form of the mass spectrum. The peak 

assignments allow the identification of the corresponding fragments and can provide evidence 

about the fragment or molecule of origin. Then, the spatial distribution of a fragment 

corresponding to any peak of desire in the spectrum can be mapped by producing its 

corresponding image in the scanned region; this is called chemical mapping. In other words, 

once a total ion image is obtained, the chemical mapping is used to locate the corresponding 

fragment (molecule, element, etc) in the big picture. Alternatively, a selected small region of 

interest on the total ion image is selected to depict its corresponding mass spectrum.  

The abovementioned information acquisition pathways are explained with examples in Figure 

28 related to the amine density gradient, which is developed by plasma polymerisation in the 

framework of the current thesis. 
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Figure 28. Molecular analysis steps of an amino-functional gradient with TOF-SIMS on a 1x1 cm 

region on the sample surface. 4 selected regions of interest over the total ion image were selected for 

positive scan mode. After investigating the total ion spectrum, the chemical mapping of the primary 

amino peaks was conducted and converted to the corresponding micrograph. 

 

2.2.3 Atomic Force Microscopy (AFM) 

2.2.3.1 Method 

AFM analysis was implemented via an Innova microscope (Bruker, Santa Barbara) using 

tapping mode and image acquisition in the air in AC mode at scan rates ranging between 0.5-

1 Hz. A semi-contact silicon cantilever (RTESP; Bruker) with a spring constant of 40 Nm-1 

was used. The topography mapping of the surface coatings was carried out by fixing the initial 

resonance amplitude of the tip. The SPIP image processing software (ImageMet) was used, and 

the manual tilt correction was applied to the images. In addition to SPIP, Nanoscope analysis 

(provided by Bruker) and Gwyddion open-source software were used where necessary for 

image visualisation and further topography analysis (particle analysis, drawing surface profiles, 

etc). 

2.2.3.2 Theory of AFM 

Atomic force microscopy is used for surface profiling with a resolution down to the atomic 

level. Surface profiling by AFM works based on scanning the sample surface with a tip 

10

8

6

4

2

0

108530mm
total

MC:  1243; TC: 6.333e+008

3
?10

1.0

0.8

0.6

0.4

0.2

0.0

6
∙10

In
te

n
s
it
y
 (

c
o

u
n

ts
)

1

m/z
10080604020

6
∙10

1

m/z
10080604020

6
∙10

m/z
10080604020

5
∙10

2

0

m/z
10080604020

C4HN+ m/z=30
Total positive mode ion image

Chemical mapping of CH4N+

Mass spectrum, positive mode

10

8

6

4

2

0

108530mm
CH4N+

MC:    16; TC: 7.979e+006

16

14

12

10

8

6

4

2

0

The scanned region on sample (1*1 

cm)



91 
 

connected to a cantilever spring and a deflection sensor. The basic illustration showing the 

AFM setup and working principle is presented in Figure 29.  

The 3D surface topography image is obtained by measuring the force between the tip and the 

surface, which is a function of tip-surface proximity and cantilever deflection. Below, there is 

a basic schema of an AFM instrument (191). 

  

 

Figure 29. A basic representation of an AFM instrument. 

 

The operation principle of static AFM can be summarised as the translation of force to 

deflection as observed in the following equation (192): 

 𝑞 =
𝐹𝑐

𝑘
                                                                                                                               (2.13)  

 Where q is deflection, Fc is the force between tip and sample and k is the cantilever constant.                                                            

Dynamic AFM is developed to avoid the possibility of damaging soft sample surfaces such as 

polymers and biomolecules by employing high force values in contact mode. In dynamic mode, 

besides cantilever deflection, and oscillation amplitude, the frequency and phase shift are also 

recorded. Tapping mode is a dynamic mode in which the oscillation of tip-cantilever occurs at 

the resonance frequency of the cantilever spring. Upon these oscillations, while scanning the 

sample, the proximity between the tip and surface is adjusted by a modulator in such a way as 

to keep the amplitude at a constant value (193).  

• Roughness parameters 

Surface topography is a critical physical property of a material surface, which can directly or 

indirectly affect other physical and biologic phenomena. The impact of surface roughness on 

the material surface wettability is a well-known effect, which has motivated researchers to 

Cantilever

AFM tip

Sample

Laser beam

Position-sensitive 
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incorporate suitable topography into the material surface, aiming to impart new characteristics 

such as developing superhydrophobic self-cleaning surfaces (194) or anti-fouling surfaces for 

the marine industry (195). 

There are several roughness parameters that can be obtained by various AFM software, each 

useful for characterising specific surface textures. The two popular roughness parameters that 

are reported most frequently are Ra, the arithmetic roughness average of the surface, and Rq, 

the root mean square of the surface roughness. These parameters are suitable for describing 

gaussian asperity heights but not asperities with complex sub-asperities. Ra and Rq values 

should be considered with caution since two very different surface structures can show the 

same Ra and Rq values, which can be misleading. Therefore, this parameter should be used to 

compare similar surface structures. 

In this work, we have used Rq to compare the surface roughness of the coatings deposited with 

plasma polymers and nanoparticle-coated surfaces.  

Ra and Rq are calculated by the following equations: 

  

𝑅𝑎 =
1

𝐿
∫ |𝑧 − 𝑚|

𝐿

0
 𝑑𝑥                                                                                                        (2.14) 

𝑅𝑞
2 =  

1

𝐿
∫ (𝑧2)

𝐿

0
𝑑𝑥                                                                                                            (2.15) 

Z is the height measured from the reference line and L is the profile length (196). 

M is the mean line, which is defined as the line dividing the whole profile into two identical 

sections, meaning that the area above the line is equal to the area below the line, as shown in 

Figure 30. 

 

 

Figure 30. Height profile z(x) of an imaginary surface and relevant components are illustrated. 

 

Mean line
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Using the instrumentation described in the method section, four images were selected to be 

obtained from the AFM tapping mode scans: the forward and back height profiles, phase and 

amplitude images. The forward height profiles were used to obtain the desired roughness 

parameters (Rq and roughness factor) using the aforementioned image processors. 

2.2.4 Water contact angle (WCA) 

2.2.4.1 Method 

For surface wettability studies, the drop shape analyser (DSA30, KRUSS) was used to measure 

the static water contact angles. A small volume of a distilled water droplet (e.g., 2 µl) was 

dispensed on the sample surface and the Young-Laplace technique was used to determine the 

contact angle. 

2.2.4.2 Theory of WCA 

Wettability measurement is a well-established surface analysis tool, which is generally based 

on determining the contact angle that a liquid droplet makes with the horizontal axis of the 

surface. Mapping the surface water contact angle (WCA) can provide useful clues about both 

the chemistry and roughness of the material surface. The first mention of measuring the static 

WCA was reported by Young in 1805. The equation is based on the assumption that upon 

placing a droplet on a material surface, the equilibrium contact angle is calculated by 

considering that the horizontal component of the surface tension of three interfacing materials 

(liquid/gas, gas/solid, solid/liquid) is sum to zero at the contact line (197) (see Figure 31).  

𝛶𝐿𝐺cos 𝜃 =  (𝛶𝐺𝑆 − 𝛶𝐿𝑆)                                                                                                     (2.16) 

 

 

 

Figure 31. The three interfacial forces, when a water droplet is placed on a solid surface. 

 

The static CA or sessile drop method can be conducted by employing varieties of liquids 

(mainly water) with known surface tensions, depending on the information they are intending 
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to obtain.  Regarding the WCA studies, a contact angle below 90° is an indicator of a 

hydrophilic surface probably bearing ionic functional groups, with the most extreme case being 

when full droplet spreading is observed (superhydrophilic surface < 10°). And contact angles 

of more than 90° indicate hydrophobic or water repellent surfaces including methyl functional 

groups or fluorinated hydrocarbons with the extreme theoretical case > 150° known as 

superhydrophobicity. 

Besides surface chemistry, the surface texture is the other factor that determines the surface 

wetting characteristics. The classic surface wetting regimes influenced by the surface texture 

are presented in Figure 32. According to Wenzel, the surface roughness factor r, which is 

defined by the measured actual surface area divided by the projected area should be included 

in Young’s equation to modify the CA equation for roughened material surfaces (198):  

𝛶𝐿𝐺cos 𝜃 =  𝑟(𝛶𝐺𝑆 − 𝛶𝐿𝑆)                                                                                                      (2.17) 

In Wenzel’s regime, it is considered that the droplet penetrates into the material surface and 

follows the surface texture. Cassie-Baxter extended the CA equation for roughened surfaces to 

the porous or chemically heterogeneous surfaces: 

cos 𝜃′ = 𝜎1 cos 𝜃1 + 𝜎2 cos 𝜃2                                                                                              (2.18) 

where θ1, θ2 are WCAs of each surface region, and σ1 and σ2 are the corresponding surfaces. 

In the case of a porous material, σ1 is the surface for the solid material and σ2 is the air space 

or open areas. Where the droplet resides on a porous material with air-filled cavities, the surface 

energy of solid/gas will be zero and cos 𝜃 equal to one (199): 

cos 𝜃′ = 𝜎1 cos 𝜃1 + 𝜎2                                                                                                        (2.19) 

By replacing surface areas with a surface fraction of the solid material, f, in equation (2.18), 

the wettability equations for heterogeneous surfaces are (200): 

cos 𝜃′ = 1 − 𝑓 + 𝑓 cos 𝜃1 , for a hydrophilic material with θ2= 0°                                 (2.20) 

cos 𝜃′ = −1 + 𝑓(COS 𝜃1 + 1) , for a hydrophobic material with θ2= 180°                      (2.21) 
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Figure 32. Different wetting regimes for unroughened and roughened surfaces: a) Young’s regime, 

b) Wenzel’s regime and c) Cassie-Baxter’s regime. 

 

2.2.4.2.1 Measuring dynamic contact angle 

Regardless of the approach, a dynamic contact angle is utilised to measure the dynamic 

response of the surface features as a result of interacting with the water droplet. In this mode, 

the droplet is stimulated to slide over an unwetted surface and then it is retracted from the 

wetted surface, recording the angles (201). The common techniques used to measure the 

dynamic water contact angles are mainly based on tilting plate, changing droplet volume, and 

immersion/emersion of the sample inside liquid as illustrated in Figure 33. 

 

Figure 33. The dynamic water contact angle techniques with a) tilting-plate goniometry b) captive-

drop goniometry and c) Wilhelmy-balance tensiometry. 

 

Measuring the dynamic angle allows defining the hysteresis of a treated surface, which is 

described as the deviation between the advancing and receding angle. An ideal smooth and 

homogenous surface is expected to show identical advancing and receding angles and therefore 

present zero hystereses. However, real surfaces are not smooth (especially patterned surfaces) 

and show hysteresis, which can be considerable depending on the magnitude of the surface 

roughness. The hysteresis analysis is usually advised for hydrophobic, superhydrophobic and 

aged material surfaces however, static contact angle measurements on 3D hydrophilic surfaces 

with polar groups may also not be adequate or accurate due to the strong adsorption of water 

droplets on the surface (202).  

Cassie-Baxter’s regimeWenzel’s regimeYoung’s regime

ϴadv
ϴrec

ϴ
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Since plasma-deposited polymers exhibit a complex 3D structure, we decided to report the 

dynamic angles on both the samples prepared by plasma deposition and the patterned surfaces 

with particles. To this end, goniometry techniques were preferred. 

The tilting plate goniometry technique was performed in manual mode after initially levelling 

the tilting stage and calibrating the light intensity and resolution of the camera by placing a 

droplet on a sample surface and slowly rotating the stage that held the sample. It was concluded 

that, in order to initiate the rolling of a water droplet on hydrophilic amino-functional surfaces 

by tilting, larger droplet volumes (>16 μl) should be selected. Even then, the droplets were 

frequently stuck and did not roll off due to the nature of the material (plasma coating) and the 

water affinity with the surface. Meanwhile, since one single volume is selected per experiment, 

the effect of the volume variation is not considered in this method. This led us to look for an 

alternative method for measuring dynamic angles. 

The dynamic angle measurements with volume variation are based on measuring advancing 

and receding contact angles as a function of change in the baseline length imposed by volume 

variation. Initially, a droplet of a selected volume is dispensed and brought into contact with 

the surface. Then, a low dispensing rate is adjusted to increase the volume of the droplet for a 

few minutes while the advancing angles were recorded. Finally, the dispensing process was 

stopped, and the droplet was removed gradually at the same rate while receding contact angles 

were recorded. Figure 34 illustrates the process of obtaining advancing and receding angles 

based on a gradual variation of the droplet volume. The droplet shape analysis is done by 

applying a proper image fitting approach, based on the fit that best follows the shape of the 

droplet and the baseline, and later, contact angles are plotted versus the baseline. 
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Figure 34. The steps involved in measuring dynamic angles by gradually increasing the droplet 

volume by dispensing the drop at a slow fixed-rate (a-c) and gradually decreasing the water droplet 

volume by removing the droplet (d-f). 

 

The advancing and receding angles were selected and averaged on the flattest region of the 

obtained curve. The advancing angles were obtained after reaching a plateau where contact 

angles remained the same by increasing the baseline and receding angles were averaged for the 

region before a point at which contact angles were continuously increased while the baseline 

remained constant. Since dynamic water contact angle measurements require a larger surface 

region (due to the increase in droplet volume) to implement, we used representative 

homogenous coatings in a larger sample size rather than narrow gradient coatings. Gradient 

coatings were investigated for wettability features by static measurement only and by using 

small water droplets (0.3-1 μl). 

2.2.4.2.2 Relation between the surface roughness factor and surface wettability 

Besides these roughness parameters, there is another parameter, the roughness factor (r), with 

its main application in surface wettability studies. The roughness factor is dimensionless and 

is described as the real surface of the topography divided by the projected surface (203). This 

parameter can be obtained from any AFM interface for random topographies or can be 

calculated for well-defined surface structures with a known number of features, dimensions 

and the projected area. The goal was to develop a model to predict the wettability behaviour of 

the fabricated gradients. Depending on the estimated wettability regime (Cassie-Baxter, 

Wenzel), the total surface roughness factor or the roughness factor of the wetted structures was 

considered.  
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To describe the procedure that we used to calculate the roughness factor, each type of gradient 

should be considered separately. Figure 35 Illustrates a two-particle system with defined 

particle diameter and the interparticle distance, residing on a homogenously modified surface 

which is fully covered with a water droplet. 

• The full wetting regime 

 

 

Figure 35. The top and side views of a two-particle system with a certain interparticle system are 

presented. The particles are assumed to be fully wetted by the water droplet. 

 

In this situation, if a hydrophilic surface is totally covered by a water droplet, and the surface 

is heterogeneous and rough, the following equation derived by Cassie et al. might be used to 

explain the wetting regime: 

cos 𝜃∗ = 𝑓1 cos 𝜃1 + 𝑓2 cos 𝜃2 = 𝑟𝜑1 cos 𝜃1 + 𝜑2 cos 𝜃2                                             2.22 

where θ*= Apparent contact angle, r= roughness of the wetted area, θ1 = WCA of intrinsic 

citrate-capped gold nanoparticle, θ2 = WCA of CHN plasma polymer, and Ⴔ1, Ⴔ2 surface 

fractions of gold nanoparticle and plasma polymer, respectively.    

As described in the equation, we need to consider the surface fraction for two materials, citrate-

capped gold nanoparticles and the coating on the substrate, as well as considering the roughness 

factor of the surface. For ease of calculation, we can consider a two-particle system confined 

in an area as shown in Figure (20). In the image, the top and side views of the particles are 

provided, immobilised on plasma polymer with a certain interparticle gap. 

Based on this model, the roughness factor of the wetted particles can be written as: 

 

Ⴔ2
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𝒓𝝋𝟏 =  
2𝐴𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑝ℎ𝑒𝑟𝑒

2𝑃𝑟𝑜𝑗𝑒𝑐𝑡𝑒𝑑 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑝ℎ𝑒𝑟𝑒 (𝑐𝑖𝑟𝑐𝑙𝑒)
= 4                                                                  2.23            

𝝋𝟏  = 2𝜋𝑅2

2𝑅(4𝑅 + 𝑁𝑁𝐷)⁄ =
𝜋𝑅

4𝑅+𝑁𝑁𝐷
                                                                                    2.24      

Here, NND is the distance between the nearest neighbouring particles measured from the 

exterior border of one particle to the border of the next particle.                                                                      

By replacing the 2.23 and 2.24 equations in the equation 2.22 and (1-Ⴔ1) for Ⴔ2, we obtain 

the following equation for the full wetting regime, which we will call Wenzel here: 

 

𝐜𝐨𝐬 𝜽∗ =  4 cos 𝜃1  +  (1 − (
𝜋𝑅

4𝑅+𝑁𝑁𝐷
 )) cos 𝜃2                                                                   2.25 

𝜽∗ = 𝐜𝐨𝐬−𝟏(4 cos 𝜃1  +  (1 − (
𝜋𝑅

4𝑅+𝑁𝑁𝐷
 )) cos 𝜃2)                                                            2.26 

 

• The partial wetting regime 

The second possibility is that the air is trapped under the water droplet as a barrier limiting the 

contact of the droplet to some fraction of the gold nanoparticle surface as shown in Figure 36. 

Therefore, considering equation 2.1, the θ2 is WCA of air (not polymer) and will be 180°. We 

can thus rearrange the equation as follows: 

 

 

Figure 36. The top and side views of a two-particle system in partial wetting mode. 

 

cos 𝜃∗ = 𝑓1 cos 𝜃1 + 𝑓2 cos 𝜃2  = 𝑟𝜑1 cos 𝜃1 +𝜑1 − 1                                              2.27      

  

where f1 is the fraction of wetted solid, f2 is the fraction of air in contact with the droplet. 
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𝑓1 =
2𝐴𝑠𝑝ℎ𝑒𝑟𝑖𝑐𝑎𝑙 𝑐𝑎𝑝

2𝑃𝑟𝑜𝑗𝑒𝑐𝑡𝑒𝑑 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑝ℎ𝑒𝑟𝑒 (𝑐𝑖𝑟𝑐𝑙𝑒)
=

2𝜋𝑅2 (1−cos 𝛼)    

𝜋𝑅2(sin 𝛼)2
=     

2(1−cos 𝛼)    

(sin 𝛼)2
                   2.28         

 

𝜑1 =
2𝜋𝑅2(sin 𝛼)2

(4𝑅 + 𝑁𝑁𝐷)2𝑅
                                                                                                              2.29       

 

𝜃∗ =  cos−1 ((
2𝜋𝑅2 (1 − cos 𝛼)    

𝜋𝑅2(sin 𝛼)2
) cos 𝜃1 − 1 +

2𝜋𝑅2(sin 𝛼)2

(4𝑅 + 𝑁𝑁𝐷)2𝑅
 )                       2.30 

 

• The full wetting of the coated particles 

If the particles are covered with a top layer, depending on the conformality of the coating, the 

thickness of the coating and the separation between particles, different scenarios can be 

expected. As an example, for particles covered with a conformal coating as thick as the 

diameter of the particle, depending on the separation, the following topographies shown in 

Figure 37 are expected. 

 

 

Figure 37. Surface topography of a three-particle system symbolising 11 nm size particles coated 

with a 10 nm top conformal coating with a) 3 nm, b) 15 nm, c) 20 nm and d) 24 nm separation 

between particles. The blue dashed line shows the cavity, hence, the level at which the water droplet 

might penetrate. 

 

It is expected from the images that a water droplet would come into contact with an initially 

smooth topography considering the slight curvatures formed above the dashed lines (a). 

However, with a gradual increase in the separation, an evolution in asperities and an increase 

a) b) 

c) d) 

β R’ 
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in the roughness is expected (b), reaching a maximum value in 20 nm, where tangent 

hemisphere structures are observed (c). After this point, the spherical cap structures indicate a 

declined curvature and decrease in surface roughness (d). The real surface after a 20 nm 

interparticle separation is calculated by multiplying the fixed surface area (spherical cap) by N 

(number of particles). The wettability model considered for this type of coating follows the 

classic Wenzel regime (see equation 2.16). The experimental and calculated theoretical WCA 

curves measured for 2D gradients are presented and discussed in Chapter 5 (5.3).  

To develop the model, as with uncoated particles, we can assume a two-particle system 

confined in an area fully wetted with the droplet. Based on this assumption, the roughness 

factor can be expressed as: 

 

 𝑟 =  
[2(𝑐𝑢𝑟𝑣𝑒𝑑 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑠𝑝ℎ𝑒𝑟𝑖𝑐𝑎𝑙 𝑐𝑎𝑝)+(𝑤ℎ𝑜𝑙𝑒 𝑎𝑟𝑒𝑎−2 (𝑝𝑟𝑜𝑗𝑒𝑐𝑡𝑒𝑑 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑠𝑝ℎ𝑒𝑟𝑖𝑐𝑎𝑙 𝑐𝑎𝑝))]

𝑊ℎ𝑜𝑙𝑒 𝑎𝑟𝑒𝑎
             2.31                 

𝑟 = (
2𝜋𝑅′(1−cos 𝛽)+4𝑅′+𝑠−𝜋𝑅′ (sin2 𝛽)

4𝑅′+𝑠
)                                                                                            2.32                                                                                                          

While β is the angle between a vertical line from the centre of the sphere and a line which can 

be drawn from the centre to the lowest contact region with the droplet, R’ is the radius of the 

polymeric sphere coated around the particles and s is the border-to-border distance between 

two polymeric spheres. 

  𝐼𝑓 𝑠 ≥ 0,Ⴔ = 73.12° = 1.28 𝑟𝑎𝑑𝑖𝑎𝑛 → 𝑁𝑁𝐷 ≥ 20 𝑛𝑚                                                      2.33                                               

𝐼𝑓 𝑠 < 0, 𝑟 = 1 → 10 𝑛𝑚 < 𝑁𝑁𝐷 < 20 𝑛𝑚                                                                      2.34 

By replacing equation 2.32 in equation (2.17) for the homogenous rough surface, the wetting 

angle can be obtained from the following equation for 𝑁𝑁𝐷 ≥ 20 𝑛𝑚: 

𝜃∗ =  cos−1 ((
2𝜋𝑅′(1−cos 𝛽)+4𝑅′+𝑠−𝜋𝑅′ (sin2 𝛽)

4𝑅′+𝑠
) cos 𝜃)                                                               2.35                                                                                       

2.2.5 X-ray Photoelectron Spectroscopy (XPS) 

2.2.5.1 Method 

Elemental characterisation and quantification were implemented by X-ray photoelectron 

spectroscopy (XPS) using a Kratos Axis-Ultra DLD instrument consisting of an Al Kα source 

(1486.6 eV), pass energy of 20 eV and an energy resolution of 0.5 eV. A flooding gun 

accelerated low energy electrons were utilised to correct the charging effect on the sample 
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surface. CasaXPS-2315 software was used for processing XPS spectra and data treatment. The 

C1s main component at 285.0 eV was used as the internal standard for calibration of the 

spectrum. The analysis area was 700 µm x 300 µm and the interval between each scanned area 

was 500 μm. 

2.2.5.2 Theory 

2.2.5.2.1 Instrumentation 

X-ray photoelectron spectroscopy (XPS) is a chemical analysis tool that has found widespread 

use in elemental studies of a wide range of materials. The technology has primarily used an X-

Ray beam source and an electron energy analyzer or detector in a high vacuum. The output of 

the analysing technique can be used to interpret the elemental information, the chemical state 

of each element, the three-dimensional distribution of the material, the thickness, and 

uniformity of the deposited films (204). 

The technique works based on a physical phenomenon, the photoelectric effect, which is 

defined as a dipole interaction in which the energy of the incident photon is completely 

transferred to the bound electron and expended to its ejection. The kinetic energy of the ejecting 

electron is equivalent to the energy difference between the energy of the colliding photon and 

the binding energy of the electron: 

 

𝐸𝑏 = ℎ𝜈 − 𝐸𝑘                                                                                                                                       (2.36) 

In this equation, Eb represents the binding energy of the electron, Ek denotes the kinetic energy 

of the electron and hv is the energy of photon (with h and v being Planck's constant and the X-

ray frequency respectively). 

The basic schema of the X-Ray analysis process from the incident photon to the recorded 

elemental spectrum is illustrated in Figure 38. 

The electrons removed from the very depth of the sample are not detected due to the overall 

low kinetic energies of the XPS electrophotons (0-1500 eV), therefore, the XPS is mainly a 

surface-sensitive technique. After ejection, the electrons arriving at the detector are 

simultaneously counted and the number is converted to the intensity and binding energy of the 

electrons, are calculated from kinetic energies, resulting in a spectrum which is used to identify 

the nature of corresponding atoms (205, 206). Besides identification, XPS spectra provide an 

excellent means for quantifying each element after applying the necessary corrections to the 

position and shape of the peaks. 



103 
 

 

Figure 38. Basic schematic description of XPS and the resulting spectrum 

 

Despite XPS being a routine surface chemistry analysis tool, when characterising plasma 

polymers, there are many uncertainties in interpretations due to the random, highly crosslinked 

and complex structure of the plasma polymers. This implies that the curve shape and binding 

energy of the peak components of the plasma polymers (e.g., C1s components) may not follow 

the classic polymers of similar structures causing challenges in the surface chemistry analyses. 

These different behaviours of the plasma polymers compared to the similar conventional 

polymers with well-defined chemistry mostly stem from the fragmentation of the initial 

monomers followed by recombination and hence deviation from the initial precursor chemistry. 

These in turn depend on many factors, mainly power input but also other factors such as 

deposition time and monomer feed rate. Some typical difficulties which are underlined 

regarding the identification of the carbon components are as follows: i) Peak fitting of C1s may 

need to be explained with more than one approach as, peak components with similar binding 

energies are not clearly separated, usually due to the increased half bandwidth of the curve 

(FWHM) possibly arising from exotic radical fragments which are not encountered in classic 

polymers; ii) The overlapping of the peak components due to the broadening of the FWHM as 

a result of variable chain length and the crosslinking degree in plasma polymers; iii) Chemical 

damages which stem from the plasma-UV exposure of the molecules forming unexpected 

fragments; iv) Radical-induced post-oxidation, which is frequently encountered by plasma 

polymers due to active surface radicals which can react readily with air/moisture during storage 

(207). Similar difficulties due to the band broadening of C1s and overlapping of C-O and C-N 

are faced in the current thesis during the interpretation of the amino-functional plasma 

polymers which are discussed in detail in Chapter 3 (3.4.2.1) and Chapter 5 (5.2.1). 
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2.2.5.2.2 Analysis procedure 

Data treatment with XPS involves visualising data via a spectrum which is initially useful for 

the identification of key surface elements as the energy is characteristic of a specific element 

and can later be used for extracting quantitative data by obtaining high-resolution peaks for 

each element and integrating the area under peaks.  

After collecting and analysing electrons by the detector, the spectrum is plotted based on counts 

per second (cps) versus either the kinetic energy or binding energy of electrons.  The binding 

elements (via ionic or covalent bonds) can represent a shift in binding energy when compared 

to free elements, called a chemical shift. When the elemental charge state moves from negative 

charge values to a neutral (zero state) to a positive state, the binding energy increases. For 

instance, if we consider sulphur in its different oxidation states (-2, 0, +4, +6), the binding 

energy varies gradually from -1.4 to 5.5 eV. 

There is a form of shifting which occurs due to non-conducting materials (such as organic 

coatings) and can vary by the thickness of the material. This charge effect needs to be corrected 

during data processing so that all the peaks appearing in a spectrum are manually shifted to a 

fixed value. This value is the binding energy of the adventitious C1s spectral component (C-C, 

C-H), which is 284.8 eV. Some peaks, especially C1s, are not single peaks as can be understood 

from the asymmetrical peak hiding information about the binding environment. Hence, they 

must be deconvoluted to access the information about the neighbouring functional groups. The 

high-resolution curve fitting is done by the experts usually using the popular XPS analysis 

software, CasaXPS. The peak fitting allows the separation of all the peak components 

corresponding to e.g., aliphatic C-H, aromatic, ketones, acids, esters, alcohols and the area 

under the peak and peak height defines the quantity and contribution of each functional group. 

The procedure is explained using the examples from the current thesis demonstrating the survey 

scan and high-resolution peaks acquisition (see Figure 39). 
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Figure 39. XPS elemental analysis of the amine functional group gradient surface coating deposited 

by plasma polymerisation: A) The original sample was placed in a sample holder prior to analysis. 

The 18 positions were scanned at 500 μm intervals along the chemistry gradient direction. B) The 

whole XPS spectrum, along with the attributed elemental peaks obtained on each of the 18 positions. 

C) The three high-resolution peaks corresponding to the key investigated elements, nitrogen 1s, 

oxygen 1s and carbon 1s, are defined in positions 2, 6, 12 and 16, each representing a specific plasma 

deposition condition and D) curve fitting of C1s on the 4 positions (2, 6, 12 and 16) and the resulted 

contributing functional group peaks. The table shows corresponding functional groups defined by 

colours. 

 

 

C)

Sample Identifier C-(C,H) % C-(O,N) % O-C-O/(N)-C=O % O-C=O %

Position 2 65 27 6 3

Position 6 67 25 5 2

Position 12 71 22 6 1

Position 16 64 27 7 2
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2.2.6 Scanning Electron Microscopy (SEM) 

2.2.6.1 Method 

The surface of the gold nanoparticle-coated sample was imaged using a Helios NanoLab™ 650 

(FEI, Eindhoven. Netherland) scanning electron microscope equipped with a dual-beam 

focused ion beam (FIB) and scanning electron microscopy. The electrical parameters were 

adjusted to an acceleration voltage of 2 kV and a current of 25 pA, and the working distance 

was adjusted to 4 mm. Due to the metallic and conductive nature of the top coating, images 

were obtained without considerable charging. However, the polymer-coated sample surfaces 

demonstrated considerable charging despite lowering the voltage and hence were analysed 

using an ORION NanoFab - Helium Ion Microscope (Zeiss Microscopy). The image 

processing was accomplished using several plugins provided by the ImageJ 

processing program. The particle distribution analysis was accomplished by setting the scale 

of the processed image to the original scale indicated on the image and then after converting 

the image to binary mode, the threshold was set to define the particles from the background, 

and the particle size range and circularity was adjusted manually, then the information 

regarding the particle number, size, area, and perimeter was obtained by automatic analysis. 

2.2.6.2 Theory of SEM 

Directing the electron beam to the material surface may lead to different processes such as the 

reflection of electrons or transference of the kinetic energy to the atomic electrons of the 

material surface, leading to the ejection of secondary electrons from the surface. Depending on 

the nature of the interaction i.e., elastic or inelastic, the signal received from the surface may 

differ. The possible signals generated upon the interaction of an electron beam with the material 

are illustrated in Figure 40. 

 

https://www.zeiss.com/microscopy/us/products/multiple-ion-beam-bck/orion-nanofab-for-materials.html
https://www.zeiss.com/microscopy/us/products/multiple-ion-beam-bck/orion-nanofab-for-materials.html
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Figure 40. Several reactions that may occur as a result of electron beam contact with various layers 

of a solid material 

 

Imaging by scanning electron microscopy (SEM) functions based on utilising an electron probe 

by which the primary electron beam generated usually from a heated source is transmitted to 

the material surface in a focused manner. As usual ion source such as tungsten produces a big 

spot with lower resolution, and lenses and apertures are used to improve the focus. When the 

probe moves along the surface, it scans two perpendicular axes simultaneously and the ejected 

secondary electrons from the scanned rectangular area are collected and subsequently 

converted to the corresponding image (208, 209). 

2.2.6.2.1 Analysis procedure 

The scanning was accomplished by initially placing the sample on the dedicated sample holder 

inside the instrument and taking a photo of the sample surface and its position, closing the 

chamber door and vacuuming the chamber. For metallic nanoparticle-coated samples, the 

adjusted parameter combination to accelerate electrons was set at 2 kV and 25 pA. Using the 

interface, the stage was moved manually to adjust the sample under the beam by clicking on 

the desired edge on the photo; after seeing the image of the edge, the magnification was 

increased gradually while attempting to focus on the image. Besides focusing, other 

adjustments such as astigmatism were checked to improve the image resolution while 

continuously increasing the magnification. The electron beam was also centred using the 

controls and image contrast was improved. When the resolution seemed to be acceptable, the 

vertical distance between the tip and the sample surface was decreased gradually to the 

structured standard distance (4mm) while attempting to improve the focus and astigmatism 

each time.   
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Since the particles to be scanned were as small as 10-20 nm in diameter, in order to visualise 

the particles, it was necessary to further increase the resolution. Therefore, the immersion mode 

was switched (with the through lens detector (TLD)). The focus and astigmatism were adjusted 

after increasing the magnification ratio, typically to 200,000 for monodispersed nanoparticle 

samples corresponding to a 1.04 μm horizontal field width (HFW) until particles with a 

maximum possible resolution were observed. This process (improving the focus and 

astigmatism) was repeated each time while moving along the gradient direction on the sample 

with 0.5 mm intervals and saving the images. The magnification adjusted for larger surface 

structures (nanoclusters and nanodoms) was 100,000 corresponding to a field of 2.07 μm. 

2.2.7 Surface-Enhanced Raman Spectroscopy (SERS) 

2.2.7.1 Method 

SERS measurements were performed with a microscope-attached micro-Raman system 

(Renishaw InVia, UK), a Peltier cooled CCD, and a 633 nm excitation LASER. The system 

was pre-attached to a Leica microscope, and the Laser was connected through a 50 X, 0.5 NA 

objective lens. Internal Silicon calibration was conducted prior to each experiment, with a peak 

centred at 520 cm-1. WIRE 5.0 software, provided by the manufacturer, was used for data 

processing. To remove unwanted/fluorescence background from the signals, the default values 

were used for baseline subtraction. The measurements were conducted in focusing mode at 10 

separate sites on the same sample in order to obtain standard deviations. All of the spectral 

signals were normalized with regard to exposure time and incident powers using OriginPro 

software, in order to track the signal intensity dependence on the analyte concentration. The 

spectral ranges were selected based on the most significant peak, which indicated the presence 

of analyte molecules. 

To measure SERS signal, the aim was to coat the substrates with a SERS-responsive chemical, 

1-naphthalenethiol (1-NT). For the surface 1-NT functionalisation, the substrates were 

incubated overnight in an ethanolic solution of systematically increasing concentrations (µM 

to pM range) of 1-NT, then rinsed with ethanol and dried prior to SERS measurements. 

2.2.7.2 Theory of SERs 

Surface-enhanced Raman spectroscopy (SERS) has served as a powerful tool for molecular 

diagnostics and sensor integration. Although the spectra obtained by Raman spectroscopy 

provide a fingerprint for the identification of a wide range of materials, the Raman signal is 

intrinsically weak.  
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When a material is irradiated by photons, its interaction with the material leads to either elastic 

or inelastic scattering. Although the elastic scattering leads to scattered photons with the same 

energy as the incident ones (i.e., Rayleigh), the scattered photons from inelastic interaction 

have lower energy than the incident ones (Raman Stokes and anti-Stokes). The scattered beam 

contains useful information about vibrational modes of materials. Figure 41 presents different 

possible scattering modes and the vibrational energy states involved. The Raman output can be 

expressed in the form of Raman power shown in the following equation: 

 

𝑃 = 𝐾𝑁 𝐼 𝜎𝐾                                                                                                                     (2.36) 

In this equation, where P is the detected power, K is a proportionality constant, N is the number 

of molecules irradiated by the photon, I describe the intensity of the laser beam, and σk denotes 

the differential cross-section of the k-th normal mode of the molecule. Considering the lower 

cross-sections of the various types of scattering, only Stokes Raman bands are considered and 

shown in spectra. See the following figure for various types of scattering. 

 

 

Figure 41. In Rayleigh scattering, the vibrational transition happens to the same vibrational energy 

level as the excitation level while in Stokes, the vibrational transition is to a higher level and in 

anti-stokes the transition occurs to the lower energy level. 

 

 

Enhancement of the Raman scattering of a molecule stabilised on a plasmonic surface made a 

great revolution in the optical characterisation of materials. This enhancement can be obtained 

either by chemical or electromagnetic pathways. The chemical effect is usually due to the 

charge-transfer complex formation between the molecule and the metal surface causing optical 

absorption, which falls in a similar spectral region to the laser spectra, enhancing the Raman 

Rayleigh Stokes Anti-stokes
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scattering of some bonds. The electromagnetic enhancement is done i) as a result of plasmon 

excitation of the metallic substrate, which provides a stronger field than the laser beam field 

for the excitation and scattering of the molecule (known as a local effect); ii) due to the 

surrounding of the molecule e.g. whether the molecule is in vacuum or placed between a metal-

liquid interface (210).  

2.2.8 Nanoparticle analysis  

After the synthesis of nanoparticles based on the selected protocol, it is crucial to assess the 

quality of the particles i.e., monodispersity and charge distribution, as well as the concentration 

and size. The common nanoparticle analysis tools for routine laboratory studies are absorbance 

spectroscopy, dynamic light scattering (DLS) and Zeta potential sizer.  

2.2.8.1 Method 

The particle analyses were performed using a Malvern Zetasizer Nano ZS device equipped 

with a 4 mW, 633 nm laser and an avalanche photodiode detector (APD). A special precaution 

was taken when transferring the liquid to the dedicated cuvette/cell since any remaining air 

bubbles inside the vessel proved to contribute to considerable errors in size and zeta values. 

For particle size analysis with DLS, a small volume of the colloidal dispersion was transferred 

inside a disposable microcuvette (40 μl) and placed inside the Malvern. The cuvette shape was 

selected using the interface, temperature, material type and properties of the dispersant liquid 

(e.g., viscosity, refractive index). For the zeta potential measurement, after introducing the 

sample by syringe inside the dedicated cell and placing the cell inside the device, the 

measurement mode was set to zeta in the interface and the corresponding settings, including 

the dispersant properties and the type of the zeta cell, were adjusted in the interface. Then after 

several runs, the required statistics related to zeta potential were obtained in the form of curves 

and tables. 

2.2.8.2 Theory 

DLS measures the size distribution of colloidal particles and operates based on laser irradiation 

on particles, recording the variation in the intensity of the scattered laser beam and correlating 

the scattered light fluctuations to the particle size. A simple schema for the DLS instrument is 

presented in Figure 42. 

When a photon interacts with a particle, if the particle size is 1/10th of the wavelength of the 

incident light, the scattering of the light follows Rayleigh scattering in which the energy of the 

excitation and scattering are the same. However, beyond this threshold value, the scattering is 
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inelastic and is called anisotropic Mie scattering, in which the scattering occurs more intensely 

in the direction of the incident photon (211). The dispersed colloidal particles move randomly 

as a result of the Brownian effect of solvent molecules and as they move, the scattered light 

changes. The diffusion of Brownian particles can be formulated using the single-particle 

diffusion coefficient described by the Stokes-Einstein equation for a single particle: 

𝐷𝑜 =
𝐾𝑇

6𝜋𝑞𝑟
                                                                                                                                 (2.37) 

Here, where the k is the Boltzmann’s constant, T describes the temperature, q denotes the 

viscosity of the Newtonian solvent and r is the radius of the particle. This applies to single 

particles and infinitely diluted solutions. For collectively diffusing Brownian particles, the 

gradient in concentration decreases over time:  

 
𝜕𝑝

𝜕𝑡
 = 𝐷𝑐 ∇

2𝑃                                                                                                                         (2.38) 

Where Dc is the collective diffusion and P is the density of particles. 

And the relaxation time for spherical Brownian particles is expressed as (212): 

𝜏 =
𝑚

6𝜋𝑞𝑟
                                                                                                                                  (2.39) 

Here, m is the mass of the particles.  

The time-dependent correlation function is used to express the correlation between two 

dynamic properties that are changing as a function of time. This concept has been applied 

successfully to many physical phenomena. The noise signal for an independent fluctuating 

property over an average time is described as: 

〈𝐴〉 = lim
𝑇→∞

1

𝑇
 ∫ 𝑑𝑡 𝐴(𝑡)

𝑇

0
                                                                                                       (2.40) 

In the case of two times of t and t+, and for a very small value of , the A(t+) and A(t) are 

similar, however, when  increases, we will have the increase in deviation from similarity as 

in the case of fluctuations. We then have this autocorrection equation (213): 

〈𝐴(0)𝐴(𝜏)〉 = lim
𝑇→∞

1

𝑇
 ∫ 𝑑𝑡 𝐴(𝑡) 𝐴(𝑡 + 𝜏)

𝑇

0
                                                                        (2.41) 

The autocorrelation function for a monodispersed particle for a short decay 𝜏 is: 

𝐺(𝑡) = 1 + 𝑏. 𝑒−2𝜏.𝐷𝑡  𝑞
2
                                                                                                        (2.42) 
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Here, b is a constant specific to the optics, Dt is the translational diffusion coefficient and q is 

the scattering vector, which can be obtained from: 

 |𝑞| =
4𝜋𝑛0

𝜆0   sin𝜃
2⁄
                                                                                                                        (2.43) 

where no denotes the refractive index (RI) of the solvent, λo describes wavelength in a vacuum 

and θ shows scattering angle. 

By plotting the G(t) versus q, Dt can be obtained, and the radius of the particle can be extracted 

from the single-particle diffusion coefficient D equation (2.37) (21).  

 

 

Figure 42. Basic set-up representing the DLS instrument. 

 

-Zeta Potential 

The other parameter, which is of high importance for dispersed colloids is surface zeta potential 

which is an expression of the particle surface charge. When a charged colloidal particle is 

dispersed in a solvent, the oppositely charged ions are attracted toward these particles forming 

a Stern layer. The other oppositely charged ions continuously diffuse toward this layer. 

However, because of repulsion forces from this layer and also between each other, an 

equilibrium of attraction and repulsion is established. Farther from the Stern layer, a diffuse 

layer of counter-ions is formed to neutralise the charge. These two layers together constitute 

an electrical double layer, with a thickness defined by the type and concentration of ions 

involved (see Figure 43). This thickness value is described by the Debye- Hückel equation: 

𝜅 = (
𝑒2    ∑ 𝑛𝑖𝑧𝑖

2

𝜀𝑘𝐵 𝑇
)

1

2
                                                                                                          (2.44)                 
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where κ is the Debye-Hückel parameter and 1/κ the thickness of the double layer, ni, kB, T, zi, 

ε are, the charge, the number of ions of type i per unit volume in bulk, the Boltzmann constant, 

the temperate, the elementary charge of ion i, and the permittivity, respectively.  

Due to charge separation, there is a potential between the colloidal particles and any point in 

the bulk of the suspension. In the Stern layer, this potential declines linearly and in the diffuse 

layer, this decline follows an exponential trend until it reaches zero in the boundary of the 

electrical double layer (214).  

Using the Poisson–Boltzmann (PB) expression of potential, we have: 

∇2𝜓 =
−𝑒 ∑ 𝑛𝑖

𝑏𝑧𝑖 𝑒
−

𝑧𝑖𝑒𝜓

𝐾𝑇𝑖

𝜀
                                                                                                     (2.45)              

where 𝜓 demonstrates the electrical potential. The one-dimensional form of the PB expression, 

assuming that the surface charge is distributed uniformly within a planar sheet with negligible 

dimensions, is (215): 

𝑑2𝜓

𝑑𝑥2 =
−𝑒 ∑ 𝑛𝑖

𝑏𝑧𝑖 𝑒
−

𝑧𝑖𝑒𝜓

𝐾𝑇𝑖

𝜀
                                                                                                      (2.46)               

By relating the electromobility of the particles in suspension and their surface potential, 

estimations of zeta potential can be obtained. For example, for a small particle with a radius r, 

if κr < 0.1 when κr is the ratio of radius to electric double layer thickness, we have this 

expression: 

𝜓 =
3𝜇𝜂

2𝜀  𝐷
= 𝜁                                                                                                                    (2.47)                 

where ζ is zeta potential, µ is the electromobility of the colloidal particle as its velocity divided 

by electric field, ε the permittivity of vacuum and η  is the viscosity of the surrounding liquid 

(216). In the commercial zeta sizer, the electromobility of colloids is measured by Laser 

Doppler Velocimetry (LDV), which is based on illuminating colloids with a laser beam and 

translating the fluctuations in the scattered beam to electromobility. Then, this value is 

converted to measure the zeta potential following Henry’s equation: 

𝜇 =
2𝑧𝜀

3𝜂
 𝑓(𝜅𝑟)                                                                                                                (2.48)                  

The f(κr) refers to Henry’s function and usually, the values of 3/2 or 1 are attributed to this 

function in the expression (217).  
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Figure 43. Double electrical layer generated around a negatively-charged colloidal particles 

 

-Absorbance 

Metallic nanoparticles show characteristic absorption peaks in the UV-Vis region due to 

plasma resonances or interband transitions. Copper, silver and gold particles, which have 

colourful suspension, show intense peaks in the visible region. For most metallic particles 

within the range of 3-20 nm, the dependence of the absorbance spectra on the particle size is 

negligible and is only related to the volume of particles in the solution. The absorbance 

intensity for spherical and hollow spherical shells is calculated from the following equation 

provided that the solution is sufficiently dilute: 

𝐴 =
𝐶𝑁𝑙

2.303
                                                                                                                             (2.49)                        

Here C is the absorbance cross-section, N describes the number per unit volume of particles 

and l describes the length of the optical pathway.  

The cross-section in water medium for the mentioned size range can be obtained from: 

𝐶 =
18𝜋ʋ𝜀2  

𝑙 ((𝜀1 + 2)2 + 𝜀2 
2 )⁄                                                                                     (2.50)           

where ʋ is the wavelength in the surrounding medium, V is the volume of the particles and ε1 

+ iε2 = ε is the complex relative permittivity of the metal relative to that of the solvent. For 

colloidal particles, the broadening in spectra can be observed because of polydispersity, 

aggregation, or shape deviation (218).  

Surface potential

Stern potential

Zeta potential

Potential

Distance from surface
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Since both the concentration and the size of colloidal nanoparticles can be measured using the 

optical absorbance spectroscopy and the resulted UV-Vis spectrum (219), we assessed the 

synthesised gold nanoparticles with UV-Vis spectroscopy. The resulted peak shape and 

absorbance wavelength as well as the intensity were compared to the optimised reference 

nanoparticle sample to ensure the quality of the synthesis. A sharp symmetric peak (the surface 

plasmon peak) located at 520 nm with the intensity of 2.5-3 was considered as the primary 

indicator of a properly synthesised 11 nm spherical citrate-capped gold nanoparticle dispersion. 

After this initial qualitative assessment, further investigations were conducted using DLS and 

zeta sizer to confirm the size, monodispersity and zeta potential of the synthesised colloidal 

nanoparticles. 

 

2.2.9 Monitoring surface-particle interactions via QCM 

2.2.9.1 Method 

The QCM-D measurements were conducted with Q-Sense E1 system to interpret the kinetic 

behaviour of nanoparticle adsorption. The measurement started by first obtaining a stable 

baseline for the pure electrolyte (NaCl) of known ionic strength and pH value. After obtaining 

the baseline, the colloidal gold solution was flushed through the surface functionalised SiO2 

QCM chip which was previously functionalised with each template coating (e.g., micelles, 

CHN bilayer, APES) at a constant flow rate, and the subsequent frequency variation versus 

time upon mass uptake over substrate was plotted simultaneously. The frequency variation 

versus time was then converted to mass variation versus time as will be explained in the 

following section. 

2.2.9.2 Theory 

The piezoelectric quartz crystal microbalance (QCM) is a mass-sensitive transducer which is 

used to characterise adsorbate by monitoring the adsorption process. The system consists of a 

single quartz crystal squeezed between two electrodes. The crystal resonates at its resonance 

frequency upon connection to an external driving oscillator circuit. The mechanism is based on 

translating mass uptake or mass removal to the frequency change. Sauerbrey’s equation (Eq. 

2.51) is used to measure the frequency variation and accordingly, surface coverage variation 

versus time of incubation (220). 

∆𝑚 = −∆𝑓.
𝐶

𝑛
                                                                                                                                  (2.51) 
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While ∆𝑓 is the recorded frequency difference before and after mass loading, C describes the 

mass sensitivity constant (C = 17.7 ng cm−2 Hz−1 for a 5 MHz crystal) and n demonstrates 

overtone numbers (odd numbers). 

This equation is valid only if the mass is distributed homogenously over the electrode since it 

is much smaller than the weight of the quartz crystal. Meanwhile, the particle should be rigidly 

attached to the material surface (221). The viscoelastic or softly deposited films cause the 

oscillation to lose energy and show deviation from Sauerbrey’s equation. 

The QCM-D allows real-time monitoring of the adsorption process and provides detailed 

information about the mechanism of a binding reaction. In this mode, besides the frequency 

change, the energy loss (dissipation change, ΔD) is also recorded to obtain the mass variation 

of a viscoelastic film. This allows additional information about the deposited film to be 

investigated, e.g. conformational changes, crosslinking, and swelling (222). 
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Chapter 3:  Unidirectional chemistry gradients 

3.1 Introduction 

The chemistry of the bio-interface is tailored to initiate specific biological reactions. This is 

typically done by either modifying the original surface or by imparting a new chemical 

character to the surface through the application of thin-film coatings, monolayers, etc. For 

instance, some surface-bound functional groups, e.g., NH2, COOH, CHx and CFx groups, are 

already known to promote protein adsorption and generally biofouling applications. As a result, 

surfaces with these functionalities are generated and used, for example, in the biomedical field, 

in tissue regeneration studies, and for developing biosensors, drug release systems, etc. In 

contrast, hydroxyl, ether and thiol groups reduce biofouling processes and can be used in 

maritime sector (ship building) or developing antimicrobial surfaces (223, 224). The systematic 

study of the impact of chemistry variables, such as the quantity or density of specific chemical 

elements/chemical groups on the bioreaction outcome, requires creative optimisation 

approaches, which not only minimise the number of required experiments, cost of resources, 

and time but also avoid inter-batch errors by keeping experimental conditions identical. The 

ideal solution is to optimise the biointerface by processing a single sample surface running a 

single experiment that offers the gradual distribution of a chemistry variable in one direction. 

In this regard, unidirectional surface chemistry gradients allow the systematic monitoring of 

the impact of a surface chemistry condition on an experimental outcome by drawing a spatial 

relation between them. For instance, cell adhesion along the gradient surface can be followed 

by correlating it to the chemistry (e.g. oxygen-to-carbon content ratio) of each investigated 

point on the gradient and finally spotting the surface condition that allows optimum cell 

adhesion maximising a targeted biological function, e.g. proliferation, differentiation, etc. The 

application of surface chemistry gradients is not limited to optimisation but is also applicable 

in medicine to drive a biological phenomenon, such as cell motility, which is a consequence of 

the cell response to the gradient of a specific material and is generally known as 

chemoattractant (225). 

The gradient approach has been explored as a new class of combinatorial approaches, which 

has the potential for full interface optimisation compared to the partial optimisation attained by 

the classic DOE approach. There have been numerous studies in material and biomedical fields, 

investigating various surface clues, such as surface chemistry, topography, and the mechanical 

properties benefitting surface gradients. However, the aim is to get as close as possible to the 

ideal of exploring gradient fabrication approaches with less sophisticated operating conditions, 
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which enables an upscale in production and ensures reproducibility, achieving a wide range of 

variation over a large distance to map the impact of a greater number of surface interactions 

and attaining a linear correlation between the surface variable and reaction output. 

There are several classes of materials and approaches reported so far for developing chemistry 

gradients, as discussed in detail in chapter 1 (1.4.2). Not all those introduced approaches 

provide the simultaneous control over surface properties at different scales (from nano to 

macro), nor do they all provide upscaling and flexibility in design. Plasma polymerisation 

techniques tackle most of these disadvantages, as well as offering the additional advantages of 

being eco-friendly (due to solvent-free reactions), ensuring a dense presence of the intended 

functional groups (226), adaptable to every substrate type, and having readily switchable 

chemistry. Therefore, plasma has been selected as the material of choice for developing 

chemistry gradients in the current work. A specific plasma technology may be preferred over 

another technology based on specific coating requirements in terms of homogeneity, stability, 

and the choice of substrate (e.g., dimension, thermosensitivity, etc.). 

Contrary to conventional polymers, plasma polymers allow the independent tailoring of the 

mechanical and chemical stability of polymer coatings, without the need for structural changes 

during their synthesis (227, 228). Surface gradients based on plasma approaches can be 

categorised as i) introducing a reactive gas (e.g., oxygen) over a material surface to activate 

surface functional groups or ii) polymerisation of a monomer/precursor and deposition on a 

surface. Although the first approach was initially investigated in recent decades for generating 

chemistry (and wettability) gradients, it has now been fully replaced with the deposition 

approach due to a lack of required stability and minimal flexibility in achievable surface 

chemistry. 

The coating properties can be altered during deposition by changing the plasma electrical 

parameters or precursor concentration (flow rate). The commonly practised approaches for 

generating a gradient in chemical composition are to tune plasma power input directly or tune 

the voltage and frequency of discharge, vary the precursor content (i.e., flow rate) or the ratio 

of precursors flow rates (when multiple precursors are employed), etc. These approaches allow 

the precursor fragmentation level and polymerisation to be controlled, however, in order to 

obtain a spatial distribution in the composition along a certain direction on the surface, these 

approaches should be accompanied by either the moving the sample with respect to the plasma 

source or the use of a mask.  
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Due to the implication of oxygen and nitrogen functional groups in bio-interface platforms, 

and based on the plasma technology merits, we aimed to introduce two different experimental 

gradient approaches i) maskless and dynamic deposition with atmospheric pressure corona 

discharge for developing a unidirectional gradient of oxygen content and ii) mask-enabled 

static deposition with a low-pressure glow discharge for generating a unidirectional gradient of 

nitrogen content. 

The first approach that will be introduced here is the first report of a programmed moving jet 

capable of depositing an oxygen-functional gradient in a single run, offering the advantages of 

high throughput and a wide scale of variation in surface chemistry. The oxygen content gradient 

was formed by benefitting from an HMDSO precursor, which allows the switch from a fully 

organic to an almost fully inorganic coating and satisfactory wettability variation (110°-

40°)(229). 

The second approach that will be discussed offers a highly homogenous and reproducible 

nitrogen-functional plasma-polymerised thin bilayer, deposited statically using capacitively 

coupled low-pressure plasma and a masking agent. As the focus of the experimental design 

was to preserve the functionality of the coating for a high-performing biointerface, the nitrogen 

content variation scale was designed (0-11.45%) to ensure the highest stability under 

physiological aqueous conditions.  

 

3.2 1-D Oxygen Functional Chemistry Gradient 

Plasma provides enough energy for the monomer dissociation required for polymerisation and 

film formation. The compositional properties of the deposited coating are determined by both 

the gas phase and surface phase processes. Since plasma polymerisation is not as 

straightforward as traditional polymer synthesis techniques, it necessitates a thorough analysis 

of the underlying film growth mechanisms. 

HMDSO is a popular siloxane frequently used as a precursor/monomer for plasma 

polymerisation with a wide range of applications in the coating industry, e.g. for corrosion 

protection (230), anti-scratch protection coatings for plastic substrates (231), food packaging 

(232), etc. There have been several investigations into the HMDSO plasma polymerisation 

pathways and main film-forming species under different plasma technologies (233-236). This 

monomer has been used to develop coatings with diverse chemical properties from purely 

organic, with low surface energy to purely inorganic, with high surface energy. It has been 
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reported that the addition of oxygen as a reacting gas, during HMDSO polymerisation with 

fixed monomer concentration and power input conditions, not only allows the incorporation of 

oxygen inside the polymer structure but also increases the deposition rate, and decreases 

organic features (carbon content) of the coating (237). It has been suggested that under 

atmospheric pressure plasma conditions in the presence of pure HMDSO plasma, 

decomposition and polymerisation occur mainly on the substrate, yielding a polymer similar to 

the initial monomer while after oxygen introduction, the reaction mechanism changes so that 

decomposition is increased, mainly occurring in the gas phase due to reactive oxygen radicals 

followed by the adsorption of active intermediate products on the surface, forming silica-like 

polymers (238).  

The chemical film growth pathway for both HMDSO and HMDSO+O2 was investigated 

experimentally (defining stoichiometry from XPS measurements) and theoretically with 

simulation studies, which suggested different film growth pathways for both, the high 

probability of Si—O bond breakage of the monomer rather than Si—C in the presence of O2 

under cold and atmospheric pressure plasma conditions, and (CH3)3—Si—O and Si—(CH3)3 

as the main two dissociation products with (CH3)3—Si—O being the main film-forming 

radical, as shown in the following polymerisation mechanism (see Figure 44) (239). 

 

 

Figure 44. Plasma-polymerised HMDSO deposition and possible growth mechanism in the 

presence and absence of oxygen. The schema is inspired by the study published in (239). 

As can be seen in Figure 44, there are three main sites for monomer dissociation: Si-O, Si-C 

and C-H. The initial dissociation under atmospheric pressure plasma is attributed to Si-O bond 

breakage, which is expected to occur in the gas phase. This allows the production of the main 
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film-forming fragment and its deposition on the surface. The oxygen radical then follows the 

polymerisation in the surface phase, by continuously eliminating CH3 groups by breaking Si-

C bonds and replacing carbon groups. A higher concentration of oxygen obviously enables 

higher carbon elimination and increases oxygen incorporation in the polymer structure. The C-

H bond dissociation may also occur under certain conditions, leading to polymer crosslinking 

and a more complex polymer structure, which is avoided here for the simplicity of the 

discussion. 

Another similar study confirms the above mechanism by evaluating three dominant fragments 

of (CH3)2SiO2, CH3SiO3 and SiO4 based on XPS analysis and the curve fitting of Si 2p core-

level peaks for several HMDSO polymerised films deposited with varying oxygen admixture 

(m 0 to 80%.). Based on the study, the highest oxygen admixture yielded a larger amount of 

SiO4 followed by CH3SiO3 and (CH3)2SiO2, respectively. On the other hand, when the 

deposition was carried out in the absence of oxygen, the trend was the opposite with 

(CH3)2SiO2 the most abundant fragment followed by CH3SiO3 and then SiO4 (240). This 

demonstrates that in the absence of oxygen, HMDSO follows a mechanism where the main 

film-forming species is (CH3)2SiO2 with two methyl functional groups. However, by increasing 

the oxygen concentration, carbons are eliminated and at the same time, the contribution of 

oxygen in the coating increases to the level at which a carbon-free coating, similar to glass 

(silica) is achieved. 

The abovementioned considerations allowed an experimental scheme to be designed to deposit 

a continuous gradient of the oxygen functional gradient coating, starting with a pure HMDSO 

monomer followed by the gradual introduction of oxygen with an increasing flow rate while 

the plasma jet moved at a constant speed along the surface. The goal was to achieve a gradient 

with two extremes in composition, that is, organic HMDSO-like and inorganic silica-like 

coatings on two opposing sides of the gradient, in order to achieve a maximum possible 

chemistry and wettability variation for the monomer of choice.  

3.2.1 Summary of the fabrication 

The fabrication of the continuous gradient coating containing oxygen was based on the plasma 

polymerisation of HMDSO in the presence of oxygen gas. Before depositing the gradient 

coating, the initial discharge stability and film characteristics were assessed following a series 

of static depositions using various voltage and frequency combinations. After achieving the 

appropriate deposition conditions, 7 representative static coatings (See Table 6) were defined 
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as the reference samples and were then programmed into the jet to deposit the continuous 

gradient coating on polyethylene foil (PE) as a substrate. 

Table 6. 7 deposition conditions applied for the deposition of both the statically deposited reference 

samples and gradient coatings. 

Deposition conditions 1 2 3 4 5 6 7 

Electrical 

parameters 
12kV-12kHz 12kV-12kHz 12kV-12kHz 

12kV-

12kHz 

15kV-

15kHz 

15kV-

15kHz 

15kV-

15kHz 

O2 flow rate (slpm) 0 0.02 0.04 0.08 0.2 0.3 0.4 

 

The carrier gas (Argon), shielding gas (N2) and monomer (HMDSO) were introduced with 

constant concentrations from the corresponding channels as follows: channel I: 2 slpm Ar + 

0.2 g/h HMDSO + xO2; channel II :3 slpm Ar; shield channel: 3 slpm N2 . During dynamic 

deposition, the jet was set to move at the constant rate of 15 mm/min. along the PE depositing 

each condition. For the schema of the plasma jet and more details on the experimental setup 

please refer to Chapter 2 (2.1.1.1) and Figure 18. 

These deposition conditions were chosen after the evaluation of the coating features with FTIR 

and static water contact angle results, and the examination of the physical properties of the 

discharge and the coatings. The width of the coating was limited by the size of the discharge 

and the length was set to approx. 10 cm. Based on this, two conditions out of total seven 

conditions were considered for the extreme deposition conditions (a coating with high highest 

hydrocarbon content and the fully inorganic coating) and the remaining 5 conditions were 

selected in a way that the magnitude of the chemistry and wettability variation of each was 

meaningful from the previous condition but not large enough to miss a coating, which could 

otherwise offer interesting surface properties. For the first four deposition conditions, moderate 

electrical parameters were adjusted however, at a higher concentration of oxygen (0.2 slpm and 

higher) electrical parameters had to be increased in order to supply enough energy for the 

dissociation of all the oxygen molecules and efficient polymerisation. On the other hand, during 

initial tests, a further increase in oxygen (beyond 0.4 slpm), and electrical parameters was 

shown to drastically increase the wettability of the deposited coating up to full droplet 

spreading, however, this resulted in unstable and unreliable discharge, as well as defects on the 

polymeric substrate (PE). Therefore, the oxygen concentration of 0-0.4 slpm and two sets of 

voltage and frequency combinations of 12kV-12kHz and 15kV-15kHz were selected as the 

optimum experimental parameters. 
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3.3 1-D nitrogen-functional chemistry gradients 

The significance of amine and oxygen functional coatings in providing bioactive surfaces has 

been well-documented in the biomedical field. This might be accomplished by tuning surface 

chemistry and surface charge to impart the intended selectivity necessary for attracting a target 

biomolecule (e.g. a certain cell line) to the surface (241). Meanwhile, the application of 

nitrogen-functional plasma polymers in the textile industry has been demonstrated (242). 

Plasma-polymerised nitrogen functional coatings can be created by i) combining a non-

polymerisable reactive nitrogen-containing gas (e.g., ammonia, N2) with a hydrocarbon gas or 

ii) employing a monomer (e.g. allylamine) that already includes nitrogen functional groups. It 

has been established that the first strategy allows greater flexibility in creating the desired 

chemical groups when the proper deposition parameters (gas flow rate ratio, power input, 

pressure, etc) are applied (104). The organic polymer network, which binds to heteroatoms to 

form functional groups, is provided by using a hydrocarbon molecule (CH4, C2H4, C2H2, etc). 

When searching within hydrocarbon gases for polymerisation, numerous criteria such as 

deposition rate, chemical flexibility, and proportion of integrated heteroatoms (N, O, etc.), are 

taken into account (104, 241, 243). For instance, for nitrogen-containing non-polymerisable 

gases, more –NHx groups were expected to be generated using ammonia (NH3) than with N2 

(244).  For the purpose of this study, ethylene and ammonia precursors were selected with 

varying reactive gas to hydrocarbon ratios, power input and pressure, in order to develop 

coatings with gradually varying nitrogen (and primary amine) content. The optimistic 

polymerisation pathway for the copolymerisation of ethylene and ammonia is radical chain 

growth copolymerisation, which, in an ideal scenario, could lead to the following 

polymerisation pathway: 
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However, the fragmentation, followed by the poly-recombination mechanism (atomic 

polymerisation), competes with the main radical-induced pathway (163) leading to several 

irregular structures. Therefore, while it is ideal for obtaining a well-defined polymer structure, 

the plasma polymer coating obtained is rather far from this expectation as will be discussed 

based on XPS analysis in 4.2.1. However, it has been attempted to enhance the primary amine 

selectivity based on the deposition conditions (precursor ratio, pressure, power input, etc.) and 

preferred plasma technique. In this regard, based on a previous study (245, 246), it has been 

demonstrated that the low-pressure plasma used for NH3/ethylene polymerisation offers higher 

amino selectivity ([NH2]/N: 32% vs 17%) than atmospheric pressure plasma under similar 

conditions, therefore, capacitively coupled plasma with an RF source has been selected in the 

framework of this study. 

The main focus of the current study is to utilise the optimum deposition conditions explored in 

the series of previous studies (106, 247, 248) to produce highly stable amino-functional 

coatings in aqueous media, which ensures the durable function of the developed gradient for 

real-world applications. Therefore, it was decided to benefit from the bilayer design proposed 

in these studies, which is based on a vertical chemistry gradient with a thicker base layer with 

a highly crosslinked and less functional coating that supports the upper thin layer with a high 

functionality group containing primary amino functional groups that prevent it from leaching 

into the aqueous medium. 

-Theoretical considerations of the process 
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The correlation between the polymer deposition rate and the energy input is described using 

the following equations (244).  

 

𝑅𝑚

𝐹
= 𝐺exp(−

𝐸𝑎
𝑊

𝐹⁄
)                                                                              3.1 

This equation, namely the Yasuda equation, describes the correlation between the W/F, or 

power input, F the monomer gas flow rate, G a reactor-dependent geometrical factor and Ea, 

which is the minimum activation energy required to promote polymerisation. Empirical 

calculations are expected to demonstrate a linear relationship between mass deposition rate 

(Rm) and power input at low energy input (energy-deficient zone) and dependence of Rm on 

the monomer flow rate (F) at higher energy input (monomer-deficient zone).   

On the other hand, based on the adsorption model, the deposition rate is directly proportional 

to particle flux densities at the substrate, which implies that the concentration of all the different 

molecules contributing to plasma polymerisation should also be considered: 

𝑅𝑝𝑜𝑙 = ∑ 𝜎𝜇𝑛𝜇𝑗𝑥𝜇                                                                                 3.2 

σμ is the reaction cross-section for the integration of monomer molecules into the thin film due 

to collisions with energetic particles of the flow jx, and nμ is the surface concentration of 

monomer molecules. Therefore, it is suggested that the flow rates of all contributing gases 

included in polymerisation should be combined as follows: 

𝐹 = 𝐹𝑚 + 𝑎𝐹𝑐                                                                                         3.3 

Here, Fm is the monomer flow rate, while Fc is the non-polymerisable reactive gas flow rate, 

and a is a weighting constant which is specific for each combination of precursors. 

To define the polymerisation region where the polymerisation process is controlled by radicals 

(and not by ion-induced polymerisation), it is logical to initially visualise experimental 

deposition rates of each deposited coating (determined from ellipsometry measurements) as a 

function of the energy input and as a function of the reactive gas flow rate for each deposition 

condition. Later, having theoretical activation energy for a specific precursor set, and using 

equation 3.1, the theoretical linear plots (the Arrhenius-like) are drawn, showing deposition 

rate variation as a function of energy inputs. Comparing the experimental and theoretical plot, 

one can observe the region in which the experimental values fit well with the theory, as well 

as regions where there is a deviation. Generally, equation 3.1 can be utilised to study the 
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polymerisation process based on deposition rate as a function of i) monomer flow rate; ii) 

reactive gas flow rate; and iii) power input. For example, the study below demonstrates how 

the reactive gas-ratio variation affects the deposition mechanism under different energy inputs.  

A study (237) conducted aiming to compare the deposition mechanism of 5 different reactive 

gas/monomer combinations, each with different flow factors (a), confirmed the application of 

the abovementioned equations for tuning film properties through suitable deposition conditions 

(See Figure 45).  

 

Figure 45. Deposition rates obtained from Equation (1) for several precursor combinations with 

different a factors presented as a function of the reactive gas/total gas ratio for constant monomer 

flow (Fm). The energy inputs were 0.5 Ea (left), Ea (middle), and 2 Ea (right). From left for A) 

0.5Ea: the region is an energy-deficient region with E <Ea. Therefore, by increasing the reactive 

gas, the deposition rates decrease due to less available energy per reactive gas to dissociate and 

undergo polymerisation. This effect is more pronounced for higher (a) values. B) Ea=E, meaning 

that above a certain increase in the reactive gas ratio, the deposition rates drop sharply, as we are 

still in the energy-limiting regime. C) Ea<E : the region become a monomer-deficient region, 

therefore, at higher energies, where sufficient energy is provided per reactive gas, a gradual increase 

in deposition rates is observed for a wide range of reactive gas/monomer ratios. An abrupt and sharp 

decrease occurs when the reactive gas content starts getting larger than the monomer flow rate. 

Adapted with permission from (237). 

  

As depicted, there are three different energy input values, which define the deposition rate 

variation trend with respect to the reactive gas ratio. For an energy input lower than or equal to 

Ea (Figure 45a and Figure 45b), a decreasing trend in deposition rates is observed upon increase 

in reactive gas content since the energy input is low and not sufficient to cause the 

fragmentation and polymerisation of the added precursor (energy-deficient region). This trend 

is more significant for higher flow-rate factors. On the other hand, for energy inputs higher 

than Ea (monomer deficient region) (as shown in Figure 45c), there is an abundance of energy 

for the fragmentation and polymerisation of the added gas, hence, the linear increase in 

deposition rate values is observed (polymerisation region). However, this increase faces an 

a) b) c) 
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abrupt and sharp decrease by a further increase in the reactive gas ratio, possibly due to the 

etching effect competing with the deposition. This suggests that it is possible to obtain a thicker 

coating with a higher contribution of reactive gas in the polymerisation process (higher content 

of heteroatoms, e.g., O and N) on selecting the raical-induced polymerisation region where 

Ea<E and the deposition rate increases linearly with the increase in the reactive gas ratio 

(considering the constant total gas content). 

-Design strategy 

In total, four deposition conditions were selected for the nitrogen-functional chemistry gradient 

based on the design strategy inspired by the work published at (107), which is depicted in 

Figure 46 as an example coating. The two out of four coatings were deposited based on a similar 

strategy. Figure 46 depicts an Arrhenius-like plot for NH3/C2H4 with two different constant 

flow-rate ratios against a variable energy input. The strategy involved depositing the first 

thicker layer (about 19 nm) with a lower ammonia ratio (4/7) and a higher power input to 

supply enough energy for rapid monomer fragmentation, increased crosslinking, high 

deposition rates (higher thickness), and higher hydrocarbon content. The power was then 

reduced slightly to generate an intermediate coating with a lower deposition rate. In the current 

work, this step was eliminated for the creation of gradient coatings. Next, the ammonia ratio 

was increased (from 4/7 to 1/1) and the power input was decreased to lower fragmentation and 

form a thinner layer with a higher incorporation of nitrogen functionality inside the polymer.  

Additionally, attempting to further increase the nitrogen incorporation, the effect of pressure 

was assessed by increasing the chamber pressure (double-folded) while the other deposition 

parameters remained constant, as preliminary research had shown that further increasing the 

ammonia ratio beyond 7/7 only resulted in etching rather than film growth and increase in the 

percentage of N. The following section describes the deposition settings, power input, 

deposition time, and precursor ratio. 
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Figure 46. The mass deposition rate per monomer gas flow (Rm/Fm) is plotted versus the inverse 

energy input per monomer gas flow [(W/Fm)-1 for ethylene and ammonia precursor combination, 

based on equation 1. Fm is the gas flow rate of ethylene as the polymerisable precursor. The linear 

line indicates the Arrhenius regimes, in which deposition is governed by radicals. The base layer A 

is deposited as shown in the figure by applying high energy input, then slightly reducing the power 

to achieve intermediate B conditions, and lastly increasing the gas flow ratio to deposit the top layer 

C. The schema of the expected vertical chemistry gradient coating is displayed on the right. Adapted 

with permission from (107). 

 

3.3.1 Summary of the fabrication 

The fabrication of the nitrogen- containing chemistry gradient was implemented using 

NH3/ethylene as polymerisation precursors and a masking device for the static deposition of 

each of the four conditions consecutively. The masking device consisted of two compartments, 

the plate on which to place samples and the cover with the slits. The creative design enabled 

all four conditions to be deposited by simply displacing the cover of the mask, as described in 

chapter 2. (2.1.2.1) and Figure 21. The gradient was formed by depositing the first coating 

without nitrogen introduction and depositing the other three distinct coatings with a gradual 

increase in the nitrogen content by adjusting power input and deposition rates to obtain the 

intended thickness and nitrogen content. Due to the considerable increase in the nitrogen 

groups in the third and fourth regions, and the instability of the nitrogen groups in the aqueous 

media, the supporting platform layer with its high hydrocarbon content and high crosslinking 

degree was deposited first before the top thin functional nitrogen coating. Details of all 

experimental parameters for depositing the four distinct coatings are listed in Table 7. Plasma 

parameters including power input, precursor ratio, pressure and deposition time for the 4 

distinct coatings. 
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Table 7. Plasma parameters including power input, precursor ratio, pressure and deposition time 

for the 4 distinct coatings. 

Properties Thickness (nm) NH3/C2H4 

ratio  

Power 

(W) 

Pressure 

(mbar) 

Deposition time 

(s) 

Coating 1 25 10 0/7 70 0.1 150 60 

Coating 2 25 10 4/7 70 0.1 166 66 

Coating 3 5 (tl) + 
20 (bl) 

1 (tl) + 
10 (bl) 

7/7 (tl) + 
4/7(bl) 

50 
(tl)/70(bl) 

0.1/0.1 63/133 13/66 

Coating 4 5 (tl) + 

20 (bl) 

1 (tl) + 

10 (bl) 

7/7 (tl) + 

4/7(bl) 

50 

(tl)/70(bl) 

0.2 (tl)/0.1 

(bl) 

52/133 10/66 

Tl: top layer, bl: bottom layer 

To avoid minor cross-contamination, first those coatings with higher nitrogen content were 

deposited and lastly the coating with the absence of ammonia. The chamber was cleaned 

between each deposition and was also purged with argon to provide clean deposition 

conditions. 

3.4 Results and discussions 

3.4.1 1-D oxygen-functional chemistry gradient  

3.4.1.1 Chemical Identification with ATR-FTIR 

ATR-FTIR was performed for the molecular-level analysis of the organic thin film properties, 

for both static and dynamic deposition modes immediately after the deposition process. ATR-

FTIR is a non-destructive analysis approach and provides a rapid identification of the surface 

functional groups, which can also be adopted for quantitative analysis. 

• Statically deposited sample analysis 

The statically deposited samples were characterised with ATR-FTIR in the middle of the 

coating. The background was corrected, and the peaks were normalised to one of the two sharp 

peaks at ∼2,913 cm−1 related to the PE substrate, which is attributed to the stretching vibration 

of CH2. The FTIR spectra for all the 7 distinct coatings are presented in Figure 47. 
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Figure 47. Normalised FTIR spectra for the statically deposited HMDSO polymer coatings with 

increasing O2 admixture. 

 

The prominent peaks representing the plasma-polymerised HMDSO include two typical 

characteristic peaks of organosilicons:  i)  Si-O-Si asymmetric stretching vibration, which 

includes the following the transversal optical vibration modes, TO3 occurring between 1000 

and 1150 cm-1, representing the in-phase (back-and-forth) stretching vibration of oxygen 

atoms along the Si-O bond axis, and TO4 appearing between 1150 and 1200 cm-1, 

corresponding to the out-of-phase stretching of Si-O as a result of glass-like coating formation 

and possible defects (e.g. porosity, contamination, non-stoichiometry); and ii) Si-CH3 

symmetric deformation vibration mode (1260 cm-1). The remaining peaks are attributed to the 

O-H vibration (at 3000-3600 cm-1), the rocking vibration of CH3 in Si–(CH3)3 or/and TO of Si-

O-Si (at 800 cm-1), the Si–OH band located at 925 cm-1 and the C–H3 at 2965 cm-1. The rest of 

the recognised peaks were originated from the substrate at 720 cm-1, 1470 cm-1 and two sharp 

peaks at 2850 and 2915 cm-1 representing CH2 group.  

After the introduction of oxygen and further fragmentation of the precursor, as expected, 

oxygen containing moieties progressively replaced methyl groups inside the polymer, until all 

six methyl groups of HMDSO were replaced, shifting the coating character from its initial 

hybrid organic-inorganic nature to an almost purely inorganic, silica-like coating. This can best 

be observed with the decreasing trend of the Si-CH3 peak at 1260 cm-1. See Figure 48 for the 

magnified view of the decreasing Si-CH3 peaks as a function of oxygen concentration.  
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Figure 48. Magnified FTIR spectra of the coatings deposited in static mode for the wavenumbers 

1000-1300 cm-1. 

 

Unlike the clear decreasing trend of Si-CH3, which was due to change in the nature of the 

coating caused by a gradually increasing oxygen content, interpreting, and comparing Si-O-Si 

peaks in different coatings was more difficult, implying that quantifying and plotting a trend 

would not be informative. The position and the intensity attributed to different vibration modes 

may be impacted by the chemical and conformational environment induced by the coating 

deposition and the inorganic silicate polymerisation, leading to constraints in the vibrations of 

the moieties. As a result, it was not expected that the peak intensity would be proportional to 

the coating thickness. Furthermore, except for the first deposition condition, which was 

performed without oxygen introduction, the thickness of the other coatings was expected to 

remain constant because, in all six deposition conditions, excess of oxygen was always present, 

even at the lowest introduced percentage compared to the fixed flow rate of HMDSO. This is 

evident in the similar intensities of the peaks in the original FTIR spectra of the static coatings 

before normalising them to the substrate peak. The primary variable would be the size of the 

clusters, which will be discussed further in the surface topography study.  

The area corresponding to the CH3 peaks is expected to decrease by increasing the oxygen 

content and the reticulation ratio. Figure 49 represents the integration of the (Si-)CH3 peak 

versus the oxygen flow rate for the seven coatings. As expected, the area of the CH3 peak 

decreased as the oxygen flow rate in the plasma discharge increased, suggesting that the oxygen 
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was replaced by carbon in the coating. The very similar carbon content variation results were 

reported (239) for coatings deposited with HMDSO/xO2 using an atmospheric plasma jet (with 

helium as the carrier). In the study, the area of the Si-CH3 peak (spotted at 1260 cm-1) was 

plotted against oxygen flow rates varying between (0.02–0.4%). The carbon content variation 

was displayed as a function of the oxygen admixture, which showed an almost parabolic 

increase versus the oxygen flow rate (249). There have been a small number other studies on 

plasma polymerisation via the administration of varying degrees of O2/HMDSO using a 

different plasma setup (in terms of pressure, reactor, etc.) all proving a decrease in carbon 

content when oxygen was increased in O2/HMDSO admixture (237, 250).  

 

 
 

Figure 49. The presentation of surface carbon content variation as a function of increase in 

oxygen content on each individual coating (static depositions) after integration of the area under 

peaks corresponding to the Si-CH3 band, recognised at around 1270 cm-1. 

 

 

However, there is no considerable decrease of the following transversal optical vibrations of 

rocking mode (TO1), bending mode (TO2) and stretching mode (TO3) at a constant amount of 

matter, which is due to it being constrained in the “glassy-like coating” rather than the 

“polymer-like coating”. While not significant, there is a decrease of Si-OH and H2O bond 

intensities, which can be correlated to full conversion of silanol groups to silica network when 

the oxygen flow rate increased, similar to the results obtained after the silica coatings were 

moderately heat treated in the presence of moisture levels. Comparing the Si-O-Si peaks in 

seven spectra, there was a considerable increase in the evolution of the right shoulder of the 
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peak at 1150-1200 cm-1 (See Figure 48), corresponding to transversal optical mode 4, TO4, 

along with the widening of the Si-O-Si peak and a shift to higher wavenumbers. This 

phenomenon is especially observable after the introduction of 3.8% oxygen, which is a clear 

indication of the evolution of a silica-like coating with an increased number of defects (pores, 

non-stoichiometry, or impurities such as C or N) (31). The ATR-FTIR results are in accordance 

with the literature for the plasma deposition of the HMDSO precursor via atmospheric plasma 

glow discharge, under a varying oxygen flow rate (0-20%). It is reported that when the oxygen 

percentage increased, the Si-O-Si peak developed a shoulder spanning from 1100-1200 cm-1, 

while the Si(CH3)n peak at 1260-1280 cm-1 and Si-CH3 at 800 cm-1 declined concurrently (251). 

• Dynamically deposited sample analysis 

FTIR analysis was performed on the dynamically deposited sample, in the centre of the 

gradient coating on the area representing each of the seven deposition conditions (see Figure 

50 and Figure 51). 

The peaks identified in the spectra at positions along the dynamically deposited coating were 

identical to those found in the statically deposited coatings. The spectra were interpreted as 

indicated in the preceding section, and the results on peak behaviour, including differences in 

peak intensity, location, and area, are comparable to the statically deposited samples. As shown 

in Figure 52, the variation in the peak area of the (Si-)CH3 bond (at 1270 cm-1 ) versus the 

spatial position along the gradient followed a similar declining trend, indicating a decrease in 

the organic nature of the coating due to the gradual admission of oxygen. Furthermore, based 

on the evolution of the TO4 bond, as the gradient coating progressed and the glass-like structure 

evolved, the structural defects increased, and the organic properties of the gradient was 

decreased.  

Despite exhibiting a similar tendency, gradient coating peaks were likely to have slower 

variations than static deposition. This might have originated from a non-instantaneous variation 

(a few milli second) caused by the mass flow controller in the programmed plasma jet, resulting 

in a more gradual transition from one O2 flow set in one condition to the other condition, which 

in turn resulted in a more gradual change in the characteristics of the coating. In contrast, 

because the statically deposited samples were treated individually and after a stable O2 gas 

flow, they demonstrated sharp transitions between each condition. Also, when compared to the 

static condition, the structural defects increased at the gradient coating as the oxygen content 

increased, although with a slower variation. This can be explained by the decreased 

concentration of oxygen near the substrate caused by the jet displacement, which also added 



134 
 

nitrogen from the air. As a result, the saturation point was not clearly apparent, as opposed to 

the considerable saturation state reported for the static condition. 

 

To summarise, Si-CH3 was chosen as the most relevant peak to study coating behaviours under 

a slow oxygen intake. This peak showed a gradual variation upon an increase in the oxygen 

admixture, hence, the variation of this peak represented C/O variation and was used for 

quantification purposes. A cursory examination of the Si-O-Si peak revealed no continuous 

variation pattern, making interpretation rather difficult. However, a general comparison 

indicated two separate surface chemistries for the depositions carried out before and after the 

introduction of 0.8 percent O2. Since it reflects the occurrence of fundamental change in the 

polymer nature, the Si-O-Si peak intensity changes and position shifts were not employed as a 

direct reference for quantification. The underlying vibrational modes of Si-O-Si obtained after 

peak deconvolution, TO1, TO2, and TO3, remained stable when oxygen was increased. 

Nevertheless, fluctuation in the peak shape and intensity of TO4, particularly after the addition 

of 3.8% oxygen, clearly proved the formation of a silica-like polymer. On the other hand, the 

decrease in the strength of the Si-OH and H2O bonds suggested the domination of the Si-O-Si 

network at a higher oxygen admixture. While both sets of coatings, statically and dynamically 

formed, showed fairly comparable chemistry variations, the reduction in the Si-CH3 peak 

intensity for the statically deposited coatings was sharper compared to the gradient coating. As 

previously stated, the moving jet and the flow meter's response time during deposition, 

combination with air during movement, and other factors may have resulted in coatings that 

were likely a blend of the two deposition conditions. The static depositions, on the other hand, 

were treated with a stable oxygen flow, thereby representing all characteristics of the applied 

settings. 
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Figure 50. Normalised FTIR spectra for the dynamically deposited HMDSO polymer coating as a 

function of increase in the O2 content (0-7.4% O2) after baseline correction. The scan was 

performed at the centre of the gradient coating. 

 

 

Figure 51. Magnified FTIR spectra of the gradient coating 950-1300 cm-1. 

0

0.5

1

1.5

2

2.5

3

3.5

4

500 1000 1500 2000 2500 3000 3500

A
b

so
rb

an
ce

 n
o

rm
al

is
ed

Wavenumber (cm-1)

O2  percentage

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

900 950 1000 1050 1100 1150 1200 1250 1300

A
b

so
rb

an
ce

Wave number (cm-1)

O2  percentage

CH2 

CHx 

Si-CH3 

H2O 



136 
 

 

Figure 52. The presentation of surface carbon content variation as a function of increase in 

oxygen admixture along the gradient coating after integration of the area under peaks 

corresponding to the Si-CH3 band, recognised at 1270 cm-1. 

 

3.4.1.2 AFM analysis 

• Statically deposited samples 

The statically deposited samples were evaluated for surface topography using the AFM tapping 

mode. We expected to see a trend in the roughness of the surface and the grain size of the 

surface features upon gradual increase in oxygen content of the plasma. As shown in Figure 

53, starting from the coating deposited in the absence of oxygen flow, the surface topography 

evolved from a smooth surface with slight protuberances to a rough surface with well-defined 

clusters in the last sample, which was deposited with the maximum oxygen flow rate. This 

pattern is also obvious in Figure 54, which displays the variation plots of the two surface 

roughness indicators, the root mean square roughness (Rq) versus oxygen flow rate and 

roughness factor (r), as a function of oxygen flow rate. Even though the maximum variation 

was approximately 30 nm in total for Rq with r always remaining below 1.30, the variation 

trend reflects how the introduction of oxygen affected the coating surface properties. According 

to the Rq plot, there was an initial quick increase in roughness when oxygen was introduced 

(phase 1), but once the critical oxygen rate was reached, additional increases in the oxygen rate 

had no effect on the roughness. This semi-constant situation, shown by a plateau on the curve 

(phase 2), indicated that fragmentation and film growth had reached a maximum, presumably 

due to an equilibrium state between polymer cluster development/agglomeration and the 

etching process. It can be hypothesised that the roughening of the surface and increase in the 
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grain size were a result of rapid fragmentation of the monomer by increase in reactive oxygen 

species (ROS) content, followed by the gas-phase formation of polymer cluster aggregates 

(252). The subsequent deposition of these aggregates on the surface may have led to the 

formation of larger particles and finally roughening of the surface. 

 

Figure 53. AFM tapping mode micrographs of the HMDSO coatings deposited in static mode as a 

function of  increase in O2 content. The measurements were taken in the centre of each coating. a) 

0% O2, b) 0.4% O2, c) 0.8% O2, d) 1.6% O2, e) 3.8% O2, f) 5.7% O2, g) 7.4% O2. The micrographs 

a) b)

c) d)

f)

a) b)

c) d)

a) b)

e)

g)
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were obtained after scanning a 5 µm x 5 µm area on each depositions with a 0.7 Hz scan rate. 

Scale bars correspond to 2μm length along the surface. 

 

Figure 54. The surface roughness variation for statically deposited HMDSO coatings as a function 

of increase in oxygen admixture in the plasma gas. The values were obtained from processing 

AFM micrographs after two scans on each selected region. 

 

• Dynamically deposited samples 

AFM was used to characterise the gradient coating deposited with a moving jet at numerous 

points along the surface coating. By increasing the oxygen flow rate, a tendency comparable 

to static depositions was seen for gradient coating. Moving from the area where the sample was 

deposited in the absence of oxygen to the region where it was deposited with 7.4% oxygen, the 

small perturbations on the surface gradually grew, coalesced, and evolved into well-defined 

particles during the gradual introduction of oxygen, eventually leading to the rough surface 

with larger particle grains (see Figure 55).  

The roughness variation and the mechanisms involved in the evolution of the coating are 

presented as separate phases in Figure 56. The evolution trend is similar to the evolution of 

static depositions, with the exception that, in the gradient coating, three distinct phases can be 

identified in the plot, representing roughness versus gradient length. Phase 1 was related to the 

first step of O2 introduction, when the precursor was only partially decomposed, and grains had 

just begun to form gradually. When the oxygen flow rate was increased further and the 

precursor was fully decomposed, larger, well-defined grains were deposited on the surface, 

leading to the maximum surface roughness value (Phase 2). This rise was visible in the height 

profiles shown in the Figure 55 at the right panel of each AFM micrograph. The roughness 

0.98

1.03

1.08

1.13

1.18

1.23

0

5

10

15

20

25

30

35

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0

R
o

u
gh

n
es

s 
fa

ct
o

r

R
o

o
t 

m
ea

n
 s

q
u

ar
e 

ro
u

gh
n

es
s 

(n
m

)

O2%

Root mean square roughness

Roughness factor

Phase 

2 



139 
 

peak was followed by a decreasing trend, which could be classified as the third phase, observed 

at higher oxygen rates due to a possible etching effect caused by the over-production of oxygen 

radicals when the precursor was completely fragmented, and the polymer growth phase was 

already completed. The roughness variation attained for the gradient coating was 10-70 nm 

based on the resulting Rq values. 

In contrast to the statically deposited coatings, the variation trend found for phase 1, where the 

precursor started decomposing, was slower for dynamically deposited coatings, with the peak 

value reaching 70 nm vs 30 nm. In other words, the equilibrium condition (between growth 

and etching) was reached earlier in static depositions. However, there was a substantial 

declining trend following the peak value, which was labelled as phase 3 for the gradient 

coating, indicating that the etching rate surpassed the gas phase growth rate, resulting in a 

decrease in particle size and Rq values. Aside from gas-phase etching, the grains deposited on 

the surface could also undergo etching at the highest O2 flow rate, however, it is expected to 

be significantly lower than the gas-phase etching, where conditions are severe, and clusters are 

easily etched. Because the gas phase etching step for static depositions following the peak value 

was substantially slower, there was no evident descending value of roughness and grain size 

(semi-constant state). 

Based on AFM analyses, the differences observed for the two deposition conditions (static and 

dynamic) can be attributed to the movement of the plasma jet during deposition, resulting in a 

different combination of the ROS and the air exposure of the discharge, which explain 

appearance of larger polymer clusters on the surface and the significant etching rate at a critical 

oxygen levels for dynamically deposited coating compared to statically deposited coatings. 

Furthermore, the more gradual variation in phase 1 can be explained by the previously noted 

delays in response time caused by the flow meter during dynamic deposition, resulting in a 

slower change of the coating from its organic-inorganic character with a smoother surface 

topography to an inorganic coating with roughened surface. 
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Figure 55. AFM tapping mode micrographs of the dynamically deosited HMDSO plasma polymer 

coating upon gradual increase in O2 values (on the left) and the corresponding height profile of each 

scanned area displayed for a random line drawn over the surface (on the right). a) starting position 

at 0 mm, deposited without O2, b) 10 mm distance from the start point deposited with 0.4 % O2, c) 20 

mm distance from the start deposited with 0.8% O2, d) 52 mm from the start deposited with 1.6% O2, 

e) 67 mm distance from the start and deposited 3.8% O2, f) 97 mm distance from the start deposited 

with 5.7% O2 and,  g) 125mm away from the start deposited with 7.4% O2. Scale bars correspond to 

2μm length along the surface. 
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Figure 56. The surface roughness variation along the gradient coating upon gradual introduction 

of oxygen admixture (0%-7.4%) displayed versus distance on the gradient from the starting point. 

The values were obtained from processing AFM micrographs after two scans on each selected 

region. 

 

3.4.2 1-D nitrogen-functional chemistry gradient  

3.4.2.1 Elemental analysis with XPS 

The elemental analysis of the surface coating was performed using XPS at 18 positions 

separated by 500 µm along the chemistry gradient containing nitrogen. The scanning was 

started from the first region, deposited in the absence of ammonia, which was 500 µm away 

from the edge of the sample. The last scanning point was in region 4, with the maximum 

ammonia input, located about 900 mm far from the edge.  

Figure 57 shows the compilation of the XPS spectra obtained for all the positions, which are 

expressed as counts per second (cps) versus binding energy (eV). The main identified peaks in 

the spectra are attributed to C 1s, N1s, O1s, O2s, O KLL, NKLL, of which the three elemental 

peaks, C 1s, N1s, O1s, were selected for high-resolution scanning to quantify the coating and 

investigate the surface chemistry. To present the quantification results, the relative elemental 

concentration (REC) for each investigated element was calculated based on the following 

equation: 

𝑅𝐸𝐶 =  
𝑥
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In order to present the variation of the three elemental peaks, four random points, each 

representative of the corresponding regions, were selected (see Figure 58). The nitrogen and 

oxygen peak intensities increased in parallel, demonstrated by scanning from the first region 

with minimum nitrogen to the last region with the highest nitrogen functional groups. However, 

the carbon peak intensity followed a slightly decreasing trend. This is because carbon content 

is always abundant in the organic polymer (71.3-92.4%) even for the maximum values of the 

precursor ratio (NH3/C2H4) that was introduced into the plasma (7/7), as a hydrocarbon 

backbone is inevitable for the existence of nitrogen functionalities in the polymer coating. 

 

 

Figure 57. The cumulative XPS spectra of all 18 points scanned along the plasma polymer 

chemistry gradient. Position 1 corresponds to the point with the lowest nitrogen content (absence of 

ammonia in the plasma) and position 18 corresponds to the region with maximum ammonia 

introduction. 

 

NH3/C2H4=0/7

NH3/C2H4=7/7

NH3/C2H4=7/7. 2p
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Figure 58. High-resolution XPS peaks obtained for C1s, N1s and O1s, at four points along the 

plasma polymer gradient, each corresponding to one of the 4 deposition conditions: position 2: 

NH3/C2H4=0/7, position 7: NH3/C2H4=4/7, position 11: NH3/C2H4=7/7, position 17: NH3/C2H4=7/7, 

2P. 

A noticeable point in the C1s plot was the gradual evolution of the left shoulder along the 

gradient (from position 2 to position 17), which is accompanied by further peak widening due 

to the incorporation of more nitrogen and oxygen in the coatings. Therefore, it was decided to 

investigate the carbon chemical environment further at each scanned position. The curve fitting 

applied to C1s proves the emergence of several overlapping curves originating from various 

carbon bonds with N, O and both, as listed in the respective tables. There are two possible 

scenarios for C1s deconvolution based on whether or not the C-N functional group is separated 

from the C-O bond, given that the two bands may overlap in some regions when moving from 

the hydrocarbon peak, C-(C,H), at 285 eV. The first and second scenarios with corresponding 

peak attributions are demonstrated in Figure 59 and Figure 60, respectively.  This consideration 

arises from the fact that the two bonds appear in a close region can cause overlap: the C-O shift 

from C (C-H) is usually 1.5 eV (1.13 eV-1.75 eV), whereas the chemical shift for C-N from C 

(C-H) is found to vary between 0.56 - 1.41 eV. So, to group the two bonds (1st scenario), 1.4 

eV was considered for the curve containing C-O and C-N. However, for the separation of the 

two bonds (2nd scenario), a shift of 0.7eV for C-N and 1.5 eV shift for C-O was considered. 

A) A total of four curves identified with the first attributed to the hydrocarbon peak at 285 

eV, the highest in all four regions. However, this follows the gradual decrease in peak 
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intensity along with the gradual peak widening as the chemical environment of the C1s 

changes. The first shift from the hydrocarbon bond was set to +1.4 eV so, the second 

curve was attributed to the grouped C-(O,N) bond appearing at 286.4 eV. As presented 

in the respective table in Figure 17, an initial sharp increase is evident in the second 

coating because of it being the first coating deposited in the presence of ammonia in 

the discharge. However, a further increase in ammonia did not affect this peak as a 

constant intensity in the last three coatings was observed. While the third curve 

attributed to the O-C-O/(N)-C=O at 288 eV showed a smoothly increasing trend along 

the four coatings, the last shift corresponding to the O-C=O bond at 289 eV was 

negligible in intensity for the first coating and then remained constant in the next three 

coatings. This peak was assumed to come from the upper layer contaminations of the 

surface rather than the polymer coating.  

The C1s curve fitting results suggested that the initial coating with the high C-(C,H) 

peak, where the only precursor introduced was ethylene and the main deposited 

components were a series of stable hydrocarbons, shifted toward the coating with a 

slight increase of C-O,N functionalities after the introduction of ammonia. This was 

accompanied by a subsequent decrease in the C-(C,H) peak due to the fragmentation 

and degradation of the hydrocarbon structures. By further increasing the N and O 

content in plasma, the continuous decrease in the hydrocarbon peak and formation of 

more complex functionalities containing N and O was demonstrated. As the O-C-

O/(N)-C=O peak followed a gradual increasing trend and since the bond is indicative 

of the carbamic acid structure and its derivatives, it can be hypothesised that the 

continuous formation of CO2, as a result of an increase in oxygen values present in the 

chamber, favoured the reaction of CO2 with primary and secondary amino 

functionalities, leading to the formation of carbamic acid and carbamate groups (253).  

B) The C1s deconvolution produced a total of five underlying curves, beginning with the 

hydrocarbon peak at 285 eV, which was the highest in all four regions, identical to the 

previous fitting, with a decreasing trend in peak intensity along the four coatings. A 

second peak at 285.7 eV may be due to a C-N bond signifying a main amine functional 

group. The curve was broad with a small intensity that was absent in the first coating 

but developed in the second coating after a slight increasing tendency (nearly constant) 

in the last coatings. The third moderately intense peak at 286.5 eV was attributable to 

C=O, imine, and nitrile groups, which were lower in the first coating and rapidly 

increased in the second coating due to an increase in the NH3/C2H4 ratio which later 
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remained constant for the last two coatings. The fourth peak at 287.8 eV was assigned 

to O-C-O and N-C=O groups, and because the peak was observed in higher binding 

energies, it implied that the degree of oxidation in the polymer was steadily increasing 

in parallel to the increase in O2% in discharge. These fragments could have formed in 

the coating's upper molecular layers, where the coating was exposed and could easily 

react with air. The final peak, corresponding to O=C=O, occurred at 288.9 eV in the 

second coating and remained nearly constant over the successive coatings. 

 

 

Figure 59. Curve fitting of the high resolution C1s peak at the four positions selected along the 

gradient corresponding to each deposition condition. The table on the right shows the quantification 

results in the area under the peaks for the four underlying curves. 

C-(C,H) 

C-(O,N) 

O-C-O/(N)-C=O 

O-C=O 

Sample Identifier C-(C,H) % C-(O,N) % O-C-O/(N)-C=O % O-C=O %

Position 2 88 9 3 <1

Position 7 64 27 5 4

Postion 11 53 32 10 5

Position 17 51 32 12 4
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Figure 60. The second curve fitting of the high resolution C1s peak of the four positions selected 

along the gradient corresponding to each deposition condition. The five underlying curves and the 

quantifications, in the area under the curves, are presented in the table. 

 

Table 8 is intended to summarise the peak assignments for the C1s fitting for the similar 

coatings based on literature reports. 

Table 8. The four content C1s curve fitting and respective peak assignments obtained from the 

literature (24, 25). 

 Treatment conditions 

Reference Power, Pressure Flow ratio C1 C2 C3 C4 

3 20 W, 600 mTorr 0.25-0.75 284.3 C1+0.56 C1+1.54 C1+2.61 

4 10 W, 600 mTorr 3 285 C1+0.7 C1+1.7 C1+2.7 

 C-C, C=C, C-H C-N, C-NO2, C=N, C≡N, C-O-C C=O, N-C=O, N-C-O 

 

Figure 61 presents the average nitrogen percentage of the points scanned on each distinct 

coating obtained from the N1s peak quantification. The quantification results for the first 

coating showed minimal nitrogen content of 0.8-1.4%, which can be explained by the 

contaminations of the coating with atmospheric nitrogen. The same applies for the presence of 

oxygen, in even higher percentages (6.7-17.2%) compared to the nitrogen, all along the 
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gradient coating. As can be seen in Figure 61 (blue columns), the transition between the first 

and the second coating was extremely sharp, implying that immediately after ammonia 

introduction, nitrogen was incorporated into the polymerisation process. The next transition, 

from the second to the third coating, was also sharp as expected due to a 1.75-fold increase in 

the ammonia flow rate in the plasma. Despite applying two-fold plasma pressure, an 

unanticipated slight drop in N% content in the final coating was observed. The purpose of 

raising pressure with a constant ratio and power input was to reduce the average energy input 

per molecule while maintaining top layer functionality by minimising fragmentation. However, 

the outcome suggested that manipulating pressure might have caused changes in the 

mechanism of polymerisation rather than increasing the incorporation of nitrogen in the 

coating. Therefore, the reverse trend in nitrogen content was observed. This indicates that the 

chemistry of the coating was altered in coating 4 when compared to the prior two coatings 

containing N. Because the gradient generation was not performed dynamically and 

continuously, and because each coating was deposited after the chamber was opened and the 

mask was replaced, oxygen incorporation appeared to be unavoidable. 

 

 

Figure 61. The average nitrogen and oxygen content evolution on gradient coatings obtained from 

XPS high-resolution spectra. 

 

In conclusion, the quantification of primary amines in this work was based on C1s because N1s 

did not provide enough resolution to perform curve-fitting, which would normally otherwise 

provide much more direct quantification data. On the other hand, some investigations in the 
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literature have reported the chemical derivatisation of the surface with a molecule binding 

specifically to a primary amine (e.g., 4-trifluoromethylbenzaldehyde (TFBA)) (245, 254). 

However, due to less control over the reaction, this approach was not preferred for primary 

amine quantification after a trial experiment. Based on C1s deconvolution, the second scenario 

for peak assignments and the carbon environment interpretation was considered due to good 

consistency with previous studies in the literature. Because of its instability and conversion to 

various forms of nitrogen functional groups, the curve fitting revealed a reduced presence of 

primary amine in all coatings (maximum 4%). Instead, imine, nitrile, and carbonyl groups were 

shown to be the most abundant, particularly in the last two coatings deposited with the highest 

ammonia ratio, indicating that the majority of the nitrogen content is present in the form of 

these unsaturated groups. The following groups had a higher proportion of oxygen 

heteroatoms, i.e., O-C-O, N-C=O, which resulted directly from polymer oxidation with a 

progressively varying trend parallel to the increase of the ammonia during the deposition 

process (and nitrogen content in the coating). This verifies the prior observation of the higher 

oxidation susceptibility of coatings containing nitrogen. Finally, traces of the carboxylic acid 

functional group were detected, most likely resulting from postdeposition processes such as 

humidity uptake during storage. 

3.4.2.2 Surface imaging with TOF-SIMS 

• Gradient sample deposited with a mask 

TOF-SIMS was used to characterise the surface chemistry of the chemical gradient created in 

order to obtain molecular information regarding the deposited polymer. To avoid 

contaminations, samples were kept inside argon bags prior to analysis and were handled with 

the appropriate gloves (i.e., polyethylene and not nitrile to avoid silicone traces from nitrile 

gloves). When evaluating the TOF-SIMS data for the gradient coating, the general variation in 

the intensity of the fragments, as well as the direction of the variation, was considered. Several 

aliphatic hydrocarbon fragments (e.g., CxHy
+) and fragments containing nitrogen (e.g., 

CxHyNz
+) were observed in the positive scan mode, as summarised in Table 9 with the 

accompanying micrographs presenting their intensity over the four deposited coatings. 

Similarly, Table 10 summarises a number of significant peaks obtained from the negative scan 

mode. 

While it would have been desirable to compare the elemental quantification, the results 

obtained by XPS, and the molecular qualitative results obtained by TOF-SIMS micrographs to 

interpret the surface chemistry variation, due to the fundamental differences between the two 
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techniques the quantitative intensity variation trend of those nitrogen-containing characteristic 

fragments was not expected to follow the total N% variation from XPS. A visual comparison 

of the fragment intensities, on the other hand, was supposed to give a direction for 

understanding TOF-SIMS results. Because all of the identified fragments in TOF-SIMS 

resulted from fragmentation and potential recombination (or multi-recombination) during the 

analysis process, rather than being directly generated from surface sample, the interpretations 

were handled with care. 

Among the identified fragments, the most straightforward fragments (with fewer 

fragmentations and dissociations), which were expected to be formed from direct interaction 

of ethylene and ammonia were CnH2n+2N such as C2H6N
+ followed by CH4N

+ after the cleavage 

of the β bond. TOF-SIMS analytical results confirmed that the variation trend for these 

fragments was closer to the trend observed from XPS quantifications among the rest of the 

identified fragments. As shown in Table (4), the intensity variation shown in the CH4N
+ image 

indicates the gradual surface primary amine density/number evolution. The other fragment that 

presented a similar trend with CH4N
+ was the next positive fragments of CH3N2

+ containing 

nitrogen, which clearly resulted from multiple fragmentations and recombination. For more 

fragmented and recombined ions, it is generally possible to see the similar trends (or not) due 

to the kinetics clues, which makes the trend unpredictable. Similarly, considering the negative 

ions, the contrast between the four gradient coatings observed for CHN2
- (m/z 41) reminded us 

of the variation of the N% from XPS quantification.  

While C17H38NO2
+ showed the same trend with the abovementioned fragments, the origin of 

the fragment did not seem to be plasma-deposited coating (or secondary ions), as plasma 

polymerisation often yields crosslinked coatings with a shorter hydrocarbon length. Therefore, 

it seemed more likely that contaminations occurring during a deposition or transportation step 

might have led to the formation of this fragment. Among fragments containing nitrogen, 

ammonium ions (NH4
+) showed an intensity gradient over four coatings as can be seen in Table 

9. This fragment might have resulted from the dissociation of a primary amine or the 

protonation of ammonia. The other prominent fragment containing nitrogen identified was 

cyanide (CN-), which showed an intense peak, suggesting that this fragment was likely 

saturated over all three final coatings, with a relatively lower intensity in the first coating. This 

fragment will not be discussed further as a potential characteristic fragment because it is 

typically abundant in saturation amounts in all plasma-polymerised coatings containing. Also, 

CNO- showed an intensity similar to CN-, albeit with a lower intensity; thus, the source of this 
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fragment was expected to be the same as CN-. The next identified CxNy
- fragment was C3N

-, 

with a different variation trend compared to N% from XPS, as the intensity observed in 

coatings 3 and 4 was lower than in coating 2. 

After considering the potential nitrogen-functional characteristic fragments aiming to confirm 

the gradient, the carbon evolution along the gradient also had to be tracked. The interpretations  

of hydrocarbon fragments require even more attention as the origin of the hydrocarbon 

fragments could be more ambiguous due to carbon residues from the TOF-SIMS instrument, 

which can easily appear on the spectrum. Considering negative-mode fragments, the C4H
- 

micrograph (see Table 10. Negative mode TOF-SIMS images obtained on a 10×9 mm area 

along the gradient coating.) indicated a gradient that was well-defined in intensity, in 

opposition to the direction of the formation of compounds containing nitrogen, thus making 

this fragment a possible indicator of gradual ethylene precursor consumption by increasing in 

ammonia in discharge. On the other hand, the intensity images of two hydrocarbons, C4H7
+ and 

C2H5
+ with odd m/z values of 55 and 29, respectively, indicated a similar variation trend but 

the opposite of the intensity variation observed for C4H- fragment. Despite their high intensity, 

these fragments could not be conveniently used to draw a conclusion due to their unknown 

origin. Finally, the presence of OH- fragments throughout the examined area may be 

attributable to the effect of humidity and water absorption during storage. The presence of more 

of this fragment in nitrogen-rich regions reflects the stronger interaction of water with groups 

containing nitrogen. 
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Table 9. Positive mode TOF-SIMS images of secondary ion species obtained on a 10×10 mm area 

along the gradient coating. 

Ion Structure Micrograph 
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C3H8NO+ 

 

 

C17H38NO2
+ 

 

 

CH3N2
+ 

 

 

C2H3
+   

 

 

Table 10. Negative mode TOF-SIMS images obtained on a 10×9 mm area along the gradient 

coating. 

Ion Structure Micrograph 
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C3N- 

 

 

CN- 
 

 

CNO- 

 

 

C4H- 

 

 

CHN2
- 

 
 

 

  

 

The surface topography of all nitrogen-rich coatings obtained, that is both reference samples 

and the gradient, remained almost unchanged, revealing a smooth surface with an average 

roughness value (Rq) of 0.2nm. As a result, roughness discussions and associated AFM pictures 

are not presented in a separate section. 
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3.4.3 Properties of chemistry gradients 

3.4.3.1 Wettability properties of 1-D chemistry gradient containing oxygen 

• Statically deposited samples 

Surface wettability studies reflect the topography and chemistry of the uppermost layer of the 

surface. Because of its vast range of applications in material science and biomedicine, surface 

wetting is a significant surface property that serves as the focal point for many surface 

engineering initiatives. Surface wettability can be altered by changing the surface chemical 

and/or texture. According to reports (255), the wettability of organosilicons is determined by 

the surface hydrocarbon content and surface roughness factors. The direct impact of O2 gas 

introduction on the enhancement of surface hydrophilicity during the plasma polymerisation 

of HMDSO has been reported. This effect is due to reactive oxygen molecules, which, when 

present in the gas-phase, enhance the in-flight reaction rate, leading to rapid precursor 

fragmentation, the removal of the methyl groups and a decrease in the organic character of the 

deposited coatings (256, 257). 

The wettability of the statically deposited coatings was characterised with sessile drops in the 

middle of the coating. Figure 62 presents the measured surface wettability variation of the 

coatings versus oxygen flow rate in the plasma. The results demonstrated an overall decrease 

in WCA (or increase in the water wettability) of the coatings by increasing oxygen in the argon 

discharge. This decrease is in compliance with the reduction of the organic features of the 

coating as a result of the fragmentation and substitution of methyl groups with the polar groups 

containing oxygen. The observed wettability variation was mostly due to the change in 

chemistry from the first highly organic PDMS-like coating to the inorganic silica-like coating 

in the last sample. Additionally, the surface roughness and morphology might have contributed 

to a further increase in the wettability of the coating down to complete wetting (WCA=0°) by 

increasing the oxygen content. The maximum WCA value for the hydrophobic initial layer 

coated with 0% O2 was roughly 97°, which was consistent with the 100° value recorded for 

ordinary bulk PDMS with a flat surface (258). However, the full wetting surface (WCA=0°) 

obtained for the maximum oxygen rate (7.4%) in silica-like chemistry was much lower than 

the reported value for the amorphous smooth silica surfaces (40-50°) (259). This 

superhydrophilicity behaviour appeared to be independent of the surface roughness increase 

because the roughness factor variation never exceeded 1.3, which suggests that it could not 

have drastically affected the wettability, as explained in (260). As a result, the existence of 

more silanol hydrophilic groups in this silica-like coating, with the associated peak emerging 
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at 950 cm-1 (see Figure 47) is the likely cause of this unexpected superhydrophilic character. 

The lengthy plasma exposure under the most oxidant conditions probably have led to the 

presence of silanols and this exceptionally high wettability of the SiO2 films. Also, the evidence 

of microstructural defects possibly formed after etching in the gas phase and surface phase 

suggests that the precursor exposure to the most oxidant conditions might have led to the post-

deposition reactions of the coating after being exposed to atmosphere humidity. Similarly, 

lower WCA are observed on the edge of the plasma coatings, as evident in the corresponding 

curves (Figure 62, yellow plot), because more reactive species are typically formed in the 

interface region due to heterogeneities in the discharge or gas stream, resulting in defect sites 

(e.g., strained SiO2 bonds) susceptible to silanol production once exposed to air. 

 

Figure 62. Water contact angle analysis results for the coatings deposited statically. The 

measuremets were performed at the centre and on the border of the coatings and plotted as a 

function of O2 content in the discharge. 

 

• Dynamically deposited coating (chemistry gradient) 

The gradient coating was characterised after deposition with sessile drops at several points in 

the centre of the coating. The wettability variation plotted versus oxygen flow rate can be seen 

in Figure 63. When compared to static depositions, the wettability evolution showed a 

comparable pattern, confirming the successful formation of the wettability gradient along the 

coating. Starting with the highly hydrophobic organic coating (109°) formed in the absence of 

oxygen, the evolution may be separated into three distinct phases. A sharp decline was 

observed in the beginning as soon as oxygen was introduced, which continued to decline up to 
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0.8% of the O2 admixture due to a rapid change in the CHx content of the coating (phase 1), 

followed by a steady state for the intermediate O2 flow rate introduction ranging from 0.8% to 

3.8%, similar to the trend observed in static depositions (phase 2).This state suggests the 

complete fragmentation of the precursor, the maximum elimination of CHx groups and the 

highest presence of Si-O-Si bonds. Upon further increase in the oxygen rate, a second sharp 

decreasing trend was observed (phase 3). This significant decrease in WCA is related to the 

surface chemistry and increase in the quantity of hydrophilic functional groups, rather than a 

change in the surface roughness, as explained in the preceding section. This is most likely due 

to a change in chemical composition, as evidenced by the FTIR spectra (i.e., the existence of 

hydrophilic groups such as silanol and OH, as well as the development of the TO4 bond) and 

the occurrence of local microstructural defects in the coatings. However, the situation is less 

remarkable for the gradient than for static depositions, since dynamic deposition is 

accompanied by the mixing of the ambient air with plasma jet and a delay in the response time 

of the flow meter, resulting in a lower concentration of the reactive Oxygen content due to 

mixture with air and comparatively less hydrophilic coating. 

 

 

Figure 63. Water contact angle analysis results for the gradient coating measured at the centre of 

the coating as a function of O2 content in the discharge. 

 

In conclusion, the chemistry of the coating, rather than surface topography, dictated the WCA 

values of the surface. Overall, the wettability variation trend for both sets of coatings was very 

similar, and the only meaningful difference between WCAs of static and dynamic deposition 
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was observed in the most oxidative deposition conditions, where the highest concentration of 

oxygen led to polymer etching and post reaction with humidity during static composition. 

3.4.3.2 Wettability properties of 1-D chemistry gradient containing nitrogen  

3.4.3.2.1 Static and dynamic contact angle analysis on the homogenous reference samples  

The four homogenous plasma polymer coatings containing nitrogen, each representing a 

condition in a chemistry gradient, were prepared and characterised by static and dynamic 

contact angle measurements. Since considerable differences were noted for the wettability 

behaviours of the chemistry gradient and its homogenous representative coatings, the 

fabrication methodology of the homogenous coatings was modified to ensure the same 

chemistry. As a result, the homogeneous coatings were treated as gradient coatings employing 

the masking apparatus but without the need for a top cover (including slits). The purpose behind 

this was to maintain the same distance between the silicon substrate and the bottom electrode, 

which was thought to alter the coating qualities. The objective for conducting dynamic 

wettability tests on homogeneous samples was to use the larger surface area to quantify 

dynamic contact angles using the droplet volume variation approach, which would otherwise 

be impossible to apply on gradient coatings with a width of 2.5 mm. The results for static and 

dynamic water contact angle measurements on each of the four nitrogen-rich plasma 

depositions are shown in Figure 64 and Figure 65 respectively. 

The static measurements were performed with a droplet volume of 0.3 μl to make them 

comparable with the chemistry gradients, which were also characterised with the same droplet 

volume. The dynamic angle measurements with an increasing/decreasing droplet volume, on 

the other hand, were accomplished with an initial volume of 2 μl.  
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Figure 64. The results for static contact angle measurements on homogenous samples with 0.3 μl 

droplet. The reported contact angles were obtained on average 3-4 scanned points on each sample. 

 

 

 

  

Figure 65. Dynamic contact angle measurements were carried out on each homogenous sample 

with an initial 2 μl droplet with slow volume variation (0.03 μl/second) for 100 s and 120 s duration 

for advancing and receding angles, respectively. 

 

The static contact angles measured were overall indicators of a slightly hydrophilic surface (< 

75°) with a variation of a few degrees. Here, the surface energy was also mainly guided by the 

CxHy bonds, which always consisted of more than 85% of the bonds present at the surface. An 

amplitude of WCA variation of 7-8° was induced by increasing the N content from 1 to 11 at. 

%, as well as an unintended oxygen increase from 7.23-16.8 at.%. The three ammonia-
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deposited coatings (coatings 2-4) demonstrated identical WCA values, however, the WCA 

values observed on coatings 2 and 3 were marginally larger than those reported by Hegemann 

et al. (106) for the relevant coatings deposited under identical conditions, which were recorded 

after deposition (the same day). The values were  ̴ 54° vs 64° for coating 3 and ̴ 57° vs 64° for 

coating 2, and were measured using static sessile drop method via 2 μl water droplets. The 

discrepancies in the reported results could be ascribed to droplet size and duration of storage 

prior to wettability measurements, as they showed in their study that WCAs rose progressively 

up to roughly 60° when stored in the air for several days.  

The dynamic contact angle measurements reflect surface imperfections, such as hysteresis or 

the difference between advancing and retreating contact angles. Because of the low surface 

roughness (0.2 nm Rq) in the present samples examined and since the main predicted source of 

hysteresis is a surface that is not smooth, stiff or uniform enough (261), it was required to look 

for the reasons other than surface topography. 

A substantial discrepancy between the advancing and receding angles (Figure 65) implies 

strong hysteresis, which, considering the low surface roughness, can only be explained by the 

surface's chemical heterogeneity. It has been established that chemical heterogeneity deriving 

from molecule-size domains may influence hysteresis even at the nanoscale (262). Practically 

constant values of advancing angles along the gradient and the steadily decreasing receding 

angles were observed, which can disclose information about the film properties. During 

preliminary observations using the tilted dynamic angle method, it was noted that the water 

droplet tended to attach itself strongly to the surface on all coatings containing nitrogen even 

when big droplet volumes of 20 μl were employed, making it challenging to record the sliding 

angle for this the method. Therefore, the observed hysteresis might be attributed to the surface's 

sticky nature and chemical heterogeneity. This adhesive aspect of the coating could be due to 

the incorporation of significant amounts of O2 in addition to nitrogen in the coating, which 

increased the probability of hydrogen bond formation between the coating and the droplet. 

Comparing the dynamic WCA values from the current study and the similar work reported by 

Vandenbossche et al. (247), a good compatibility between the receding WCAs for coatings 2 

and 3 with the receding angles reported in the literature for the same coatings deposited under 

identical conditions is realised.  The receding WCAs for the coating equal to coating 2 was 44° 

(vs 44° for coating 2), and 36° for the coating equal to coating 3 (vs 35° for coating 3). 

However, the advancing angles were lower than those reported in the current study for the same 
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coatings deposited under identical power and flow rate ratio conditions, i.e., 72° vs 60° for 

coating 3 and 71° vs 66° for coating 2.  

The measured static contact angles and advancing angle reflected the same pattern, but with 

somewhat different magnitudes. The minor dissimilarity between the advancing and static 

angles was expected, as static angles were measured a few seconds after the droplet made 

contact with the surface, and thus, unlike the advancing angle, it did not reflect the contact 

angle recorded upon the droplet's initial contact with the fresh dry surface (263). On the other 

hand, for dynamic angle measurement, the measured receding contact angles were overall 

lower than the advancing ones, which is typical since receding angles are recorded after 

advancing measurements and they present values obtained from the already wetted surface 

(droplet was slowly collected from the surface). During the advancing angle measurements, a 

small water droplet was initially placed on a neutral unwetted amine-functional coating, which 

is less hydrophilic than the protonated form, then the droplet volume was gradually increased 

through dispensing, and after 100 seconds of interaction with the droplet, the exposed surface 

rendered a protonated and positively charged surface in the exposed region. Therefore, 

receding angle results reflected a hydrophilic surface with contact angles as low as 32° (in the 

region with higher nitrogen and oxygen content). The decreasing trend in receding WCAs may 

then be correlated to the increase of N% values and O% over the four coatings. The total 

variation in receding angles was 22°, which is considerable and meaningful, since this variation 

is aligned with the formation of the chemistry gradient.  

3.4.3.2.2 Static contact angle analysis on the gradient coating 

The gradient coating was characterised using two different droplet volumes of 1 μl and 0.3 μl, 

which we believed fit better within each coating and avoided the interfaces where thickness 

and chemistry possibly varied. because the reason for this was that when the droplet spreads, 

it may come into contact with the narrow interfacial region of the two neighbouring coatings, 

where there is a shallow groove, potentially tilting the droplet. The results of two WCA 

measurements performed on the chemistry gradient are presented in Figure 66. Based on the 

observations, it is possible to infer that, while an acceptable wettability variation was attained, 

the surface WCA values for all deposition conditions remained below 90°. The wettability 

variation of 33° to 78° was observed when a smaller droplet was used, and there was an overall 

decreasing trend for both sets of observations upon the incorporation of more polar groups, i.e., 

O and N, in the coating along the gradient direction. 
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The wettability values generally followed the XPS quantification results obtained for polar 

group content except for coating 2, which showed a slightly higher WCA than coating 1. Since 

topography was expected to remain largely smooth, the chemistry was assumed to rule the 

surface wettability gradient.  

 

 

Figure 66. Wettability values obtained for each coating along the gradient using droplets of 0.3 μl 

and 1 μl volume. Each presented bar graph is the average of four measurements performed on 

each region. The WCAs were taken with 0.5 mm intervals along the 20 mm sample length. 

 

To summarise, static angle measurements on the gradient reference samples using smaller 

droplets (0.3 μl) revealed an overall variance of 46°, indicating a variation in wettability. The 

second coating demonstrated a higher hydrophobicity of static WCA than coating 1, which 

cannot be explained by chemistry because there are more polar groups in coating 2 compared 

to coating 1, suggesting that some local surface heterogeneity may be the source of this 

unexpected increase in WCA value. Later, there was a sharper increase rate in the wettability 

of the surface from coating 3 to coating 4 (16 °). The WCA of  ̴ 80° measured with a 1 μl 

droplet for coating 1 is in accordance with the value reported in the literature (264) for a plasma 

polymer deposited with ethylene precursor at varying treatment times and characterised with a 

water droplet of 1-3 μl. 

In contrast to the relatively high wettability variation (41°) recorded for the gradient sample 

coated with a mask, the static WCA variation for the homogeneous coatings (deposited without 
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a mask) was only 6°. This considerable difference may be attributable to deposition 

circumstances, which may have influenced the thickness and/or chemistry of the coatings 

formed using two different pathways, despite efforts to keep deposition conditions equal. As 

previously stated, all samples were handled inside the masking device (the sample holder) to 

maintain the same distance between the electrode and the chip for both the homogeneous and 

gradient depositions. One possibility is that during the homogeneous sample processing, when 

treatment within the plasma chamber was completed, the chamber was opened, and samples 

were moved to sample holders and an argon bag until analysis. However, during the treatment 

of the gradient samples, the chamber had to be completely opened three times in order to 

displace the mask for the next coating, and despite argon purging, air and humidity were 

engaged in the process, resulting in more hydrophilic coatings than for the homogeneous 

samples. This is especially true since the order of plasma treatment went from the most 

nitrogen-rich coating to the least nitrogen-rich coating. This implies that the nitrogen-rich 

coating, which has the highest potential to oxidise, was exposed to air three times, but the 

coating with the lowest nitrogen-functional group was exposed to oxygen/moisture less 

frequently. 

3.5 Conclusion 

The 1-D surface chemistry gradients discussed here are based on two separate plasma processes 

and are meant to demonstrate the benefits and drawbacks of each methodology for generating 

gradually changing surface functional groups. Regardless of the substrate, each approach may 

be used to deposit any chosen mix of monomer/precursor and non-polymerisable gas. While 

both plasma-polymerised techniques put forward are similar, the second plasma approach with 

low-pressure plasma is preferred when the end application criteria of homogeneity, reduced 

thickness, and repeatability are the main focus. This is because the low-pressure deposition 

with homogenous discharge offers good control over plasma deposition conditions, a better 

film homogeneity, and lower attainable thickness. However, if the key desired criteria of the 

study are high throughput, quick deposition, maskless surface patterning, and low cost, the first 

plasma jet technique based on atmospheric pressure corona jet may be preferential. 

Furthermore, the selectivity of the targeted functional group (e.g., NH2 vs the rest of N-

functional groups) is a criterion considered when choosing between the two techniques.  

The first method for polymerising HMDSO with a varying oxygen gas flow rate developed a 

continuous gradient with a wide variation in surface chemistry, beginning with a polymer 

coating with the greatest similarity to the starting precursor (HMDSO) with the highest carbon 
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content, and ending with a coating with a silica-like character and the lowest carbon content 

with a WCA variation of 109°- 41°. The gradient was deposited along approx. 10 cm of 

polyethylene foil using a moving jet that could travel along the appropriate axis prior to 

deposition. While the width of the deposited coating is restricted by the discharge dimension 

(a few cm), it is also appropriate for deposition on very large surfaces, such as a whole silicon 

wafer, by performing numerous parallel runs. The smallest achievable increment of the coating 

(about 1 mm) during dynamic deposition is restricted by the response speed of the apparatus 

while changing from one deposition condition to the other. As the oxygen flow rate increases, 

the surface roughness increases, and the surface properties become more reliant on the plasma 

parameters. Because the discharge is created in the open air, this method is more prone to 

contamination during the deposition stage; however, the contamination is somewhat controlled 

by employing a shielding gas, such as N2. 

The second gradient, on the other hand, was deposited on diced silicon chips under vacuum 

conditions using a capacitively coupled plasma with a variable ammonia to ethylene flow rate. 

A masking device was used to delineate narrow regions for static deposition. Each treated 

region was 2.5 mmx20 mm in size, and the mask was expected to be as near to the surface as 

possible to avoid diffusion from under the mask to neighbouring surfaces. Over the four 

coatings, an N% range of 0.7%-11.45% and a WCA variation of roughly 79° down to 33° were 

achieved. The advantages of homogeneous discharge include better homogeneity and smoother 

surface, lower thickness, isolated process and more repeatable conditions. However, the 

shortcoming of the second approach, the nitrogen-functional gradient, was the limit for the 

incorporation of the nitrogen inside the coating due to the nature of the employed precursors, 

such as ammonia. It has already been reported that the higher rates of ammonia lead to the 

chemical and physical etching effect inside the discharge and on the surface, causing a decrease 

in the deposition rate (coating thickness) rather than further incorporation of nitrogen inside 

the coating (175). The wettability variation scale of the surface, along the gradient, was lower 

than the HMDSO/O2 gradient due to the higher presence of carbon in the coating even within 

the one with the highest N% (corresponding to an average of 72% carbon). This was in contrast 

with the first approach where the HMDSO/O2 gradient could be extended up to the point where 

all the carbon groups were substituted with oxygen, yielding a silica-like coating (glass-like 

coating). The other shortcoming addressed by Vandenbossche et al. (247) and applied in the 

current study was the improvement of the stability of the coatings with higher nitrogen group 

https://pubs.acs.org/action/doSearch?field1=Contrib&text1=M.++Vandenbossche
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concentration in water by developing bilayers with a highly crosslinked supporting bottom 

layer.  

3.6 Perspectives and potential applications of the chemistry gradients 

The application of nitrogen and oxygen-functional coatings for biomedical applications is 

emphasised. The N-functional gradient with thin bilayer structure developed (total 25 nm) with 

the specific advantage of good durability in water could be utilised to investigate the crucial N% 

necessary for promoting cell adhesion. Nonetheless, N% window of the present approach might be 

examined further and expanded to be relevant to a greater number of cells and cell growth settings. 

This is particularly interesting as there have been several previous attempts in this field using 

plasma polymers developed with NH3 or N2/ethylene precursors searching for the critical N% 

which triggered the adhesion of a specific cell type. For instance, the coating deposited with 

low pressure plasma using NH3/C2H4 (0.75-1.5) yielded coatings with 200 nm thickness and a 

nitrogen content of 16-31%, which showed a critical N% of 16% against U937 monocytes cells 

to initiate surface adhesion (105, 265). However, while this critical N% corresponding to NH3 

/ethylene =0.75 presented satisfactory stability in milli Q water after 24 hours of incubation 

(less than 10% in loss of the coating thickness), a larger N%, which could result in better 

adherence, suffered from lower stability in water (30-70% loss in thickness) (266). This 

highlights the necessity of the stability and function of the coatings along with all attempts to 

increase primary amine selectivity in the coating. Therefore, future attempts will investigate 

the methods of fabricating an amine-functional plasma coating to increase the nitrogen content 

up to 30-40% while maintaining stability for bio-interface applications.  

Similarly, plasma-polymerised HMDSO/O2 offers the possibility of tuning the surface 

wettability from a full hydrophobic (106° in the absence of O2) to a superhydrophilic surface. 

It has been reported that surface wettability is responsible for cell adhesion through the 

interaction of cell adhesion promoting glycoproteins (e.g. albumin and fibronectin) with the 

material surface and the cellular response arising from this interaction (267). The interaction 

of albumin and fibronectin on multiple individually deposited plasma-polymerised HMDSO 

surfaces with varying chemistry is not efficient and complicates this study. The interactions of 

each individual protein in separate form, in competitive form, and later, in the interaction of 

mouse osteoblastic cells (MC3T3-E1) demonstrated an increase in cell adhesion by increasing 

surface wettability. These findings were consistent with those obtained for fibronectin but 

contradicted the preferential adherence of albumin to hydrophobic surfaces (268). Similar 

experiments have been performed for tissue engineering employing HMDSO/O2 with varying 
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deposition times and electrical factors, i.e. voltage, which demonstrated the affinity of NIH-

3T3 (mouse embryonic fibroblast) cells to silica-like surfaces with higher polar functions (269). 

These highlight potential applications for optimising the process using a plasma-polymerised 

HMDSO/O2 functional gradient coating for protein or cell-surface interactions, whether 

adhesion is desired (as in tissue engineering studies) or for cell/protein repellence (as in 

antifouling coatings). The oxygen-functional gradient developed in the framework of this 

thesis, with a wide range of surface chemistry variation (organic/inorganic, functional polar 

groups, surface charge, etc.) and wettability variation spanning from hydrophobic to 

hydrophilic, is indeed a potent candidate for bio-interface optimisation. Aside from the 

abovementioned applications in the biomedical field, the HMDSO/O2 plasma-polymerised 

gradient could be considered an efficient solution wherever optimisation of the desired surface 

properties is required, e.g. wettability of the microfluidic chips (270), icephobic properties of 

the coatings (271), and anti-O2 permeability properties for food packaging (272). The surface 

variables could also be further extended and improved to cover larger variations.  

Additionally, the fabricated plasma-polymerised gradients proposed in this work could be used 

as a template to generate a second type of functional gradient, for example, the electrostatic 

immobilisation of the charged nanoparticles and covalent binding of peptides or proteins (273). 
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Chapter 4:  Unidirectional stochastic and periodical topography 

gradients 

4.1 Introduction 

Advancements in material interface nanoengineering enable the outcome of surface reactions 

to be modulated and monitored. Performing the large number of trials required to establish 

correlations between nanostructure and biological outcome has proven challenging. The cost 

of fabricating surface structures at the nanoscale, as well as of considering the numerous 

experimental aspects that influence the outcome, make these studies prohibitively expensive. 

The nanostructure gradients, providing control over the nanostructure size, shape, density, and 

periodicity, are a significant step forward in this approach. While a variety of strategies have 

been demonstrated to generate nanostructures and their gradients (see chapter 1, 1.5.2), the 

utilisation of nanoparticle self-assembly is particularly interesting. Various nano- and micro-

roughness gradients fabricated on the basis of self-assembled colloidal particles are discussed 

in chapter 1 (see Table 3). The simplicity of altering nanoparticle size, shape, material type, 

and chemical composition to benefit from nanoparticle assemblies has positioned this 

technique as a suitable interface nanoengineering technique. We offer a novel method for 

creating nanostructure gradients based on the self-assembly of gold nanoparticles along the 

functionalised surface. The gradient formation takes advantage of the time dependency of 

nanoparticle adsorption to the surface functional groups/domains to create spatial spread in the 

density of nanoparticles along the surface. In conjunction with the selection of surface coatings, 

we demonstrate the development of both stochastic and periodic nanoparticle arrangements. 

The well-established nanoparticle synthesis approach offers the possibility of obtaining 

colloidal nanoparticles with narrow standard deviation in geometric variables (diameter, 

sphericity, etc.) which ensures repeatability and is the primary step in controlling surface 

nanofeatures. Surface nanoparticle gradients are formed based on the adsorption of the 

synthesised nanoparticles from the colloidal suspension to the solid templated platform (274, 

275). Several surface nanoparticle gradient fabrication approaches have been reported to date, 

such as diffusion-controlled transport with polymer melts (276), attraction of anionic 

nanoparticles to cationic molecular gradients (141, 152, 153) and kinetic-controlled 

nanoparticle deposition by dip-coating approach (139, 147). The geometric properties of the 

nanoparticle gradient (e.g., the size and slope) are reported to be readily tuned via the 

controlling of the kinetic processes using dip-coating approaches. The dimension of the 

gradients developed via dip-coaters is however restricted to the process conditions, as the size 
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of the dip-coater dictates the maximum dimension of the sample and the applicable 

immersion/withdrawal rate. 

We report here for the first time the possibility of tuning the density and size of the 

nanostructure gradients using a single versatile setup that allows unidirectional gradients to be 

developed with either stochastic or periodic arrangements. The proposed setup offers a 

volumetric flow rate that can compete with linear speed achievable with conventional 

commercial dip coaters. The process is based on controlling the adsorption/growth kinetics of 

nanoparticles on various surface chemistries (homogenous and patterned templates) in order to 

fabricate three different classes of nanoparticle gradients: nanoparticle density gradient per 

area, nanoparticle density gradient per cluster and nanoparticle size gradient.  

4.2 Fabrication of Nanostructure Gradients 

4.2.1 Setup 

Prior knowledge of the surface density of the adsorbate as a function of the exposure time 

allows the process parameters to be designed rationally. The duration of surface exposure to 

the adsorbate that leads to surface saturation can be obtained with real-time analysis techniques, 

e.g. surface plasmon resonance (SPR) or Quartz Crystal Microbalance (QCM). In this work, 

QCM was preferred for investigating adsorption kinetics since the optical characteristics of the 

adsorbate do not hinder the transduction. Even though the mass flow of the adsorbate onto the 

functional layer of the chip during dynamic gradient fabrication results in adsorption isotherms 

that are not identical to those obtained from the static QCM experiment due to the differences 

in configurations, the QCM study nevertheless provides a useful indication before conducting 

the main experiment. Hence, the resultant gradient would be the equivalent of an adsorption 

isotherm taken from QCM extending across the length of the chip, showing all the adsorbate 

densities versus exposure time until the saturation state. All experimental processes, from the 

rational design to the experimental setup used for gradient fabrication are illustrated in Figure 

22. The intended gradient length and time of saturation, and the rate at which the height of the 

chip is exposed to nanoparticle suspension/precursor can be controlled by establishing a 

specific volumetric flow rate (f) for introducing the adsorbate into an experimental vessel with 

an appropriate cross-section (cylindrical glass tube with radius r was selected in this work). 

The design requirements for converting the temporal aspects of processes acquired from QCM 

measurements into spatial properties of the final gradient are detailed below: 
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- The time (𝑡) that allows the surface saturation (𝑁) of nanoparticles or adsorbate, which is 

obtained from QCM measurements 

-The volumetric flow rate corresponding to the rate by which the solution rise inside the 

experimental vessel having the desired gradient length (L) and the saturation time (t) and 

placing them into equation 2.1. to achieve a gradient of density from minimum up to N.  

 

𝑓 =  𝜋𝑟2𝐿𝑡                                                                                                                                      

                                                                                                                                         (2.1)                

𝑡 − 𝑡𝑙 = 𝑡 −
𝑙
𝐿

𝑡

                                                                                                                  (2.2)                                                                                                                         

𝒍 = 𝑳 − (
𝑳

𝒕
) 𝒕𝒍                                                                                                                               (2.3) 

The method was demonstrated to be applicable for fabricating two different classes of well-

controlled topography gradients: (a) nanoparticle density/number gradient (b) nanoparticle size 

gradient by using three different types of functional layers, i.e., two homogenous molecular 

templates and a nanopatterned copolymer template.  

Each functional surface was used as a platform to fabricate nanoparticle density gradient and 

represents a different class of surface chemistry with complementary advantages. The objective 

was to evaluate the applicability of the developed experimental setup, which translates 

exposure time-control to the spatial control of the surface immobilised nanoparticles. For this, 

the following surface functionalisation pathways were used: a) vapour-phase deposited self-

assembled monolayer of well-known primary amino-functional silane with a thickness of 1.7 

nm (277), b) a plasma polymerised CHN thin bilayer film of approx. 20 nm with optimised 

stability in aqueous media, and c) a template 2D arrangement of micellar block copolymers. 

The density gradients reported here are expected to follow random sequential adsorption which 

applies to the strong electrostatic interaction of the adsorbate and the surface.  The size gradient 

was also generated based on random sequential adsorption rules however through the in-situ 

growth of nanoparticles as a result of electrostatic attraction and insertion of the gold chloride 

anions inside the micellar structures with positively charged core followed by subsequent ion 

exchange processes. 

The surface characteristics of all the fabricated gradients were compared in order to study the 

effect of different functional layers on gradient development. 
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4.2.2 Fabrication of nanoparticle gradients with a stochastic arrangement of 

nanoparticles 

For both homogenously functionalised surfaces, a stochastic arrangement of nanoparticles was 

expected with no considerable aggregations due to repulsion between the charged particles. 

The expected arrangement was in contrast with the templated or patterned surfaces (block 

copolymer) on which, an ordered arrangement of particles on confined charged features was 

envisioned. An upper limit of the surface coverage to 54.7% is predicted in theory for colloidal 

assemblies on the surface resulting from random sequential adsorption (RSA) (278). In 

literature, 10-15% (citation) surface coverage is often reported for APTES and similar 

monolayers while, for non-electrostatic depositions of nanoparticles, (e.g., spin coating, dry 

casting, etc.) higher particle coverage could be envisaged. 

The major defining factor for the surface coverage is the density of positively charged 

functional groups, for instance, primary amine-functionalised SAMs are expected to have 

higher density of amine groups, hence higher density of positively charged domains, compared 

to amino-functional plasma coatings. However, the porosity and swelling in an aqueous media 

in polymeric thin films (hydrophilic polymers) might produce a 3D structure and greatly 

improve the adsorption of nanoparticles on the surface compared to 2D SAMs, resulting in 

closer interparticle separation and therefore higher particle density. When the volume of 

nanoparticle dispersion is increased upwards in the vertical direction along the functionalised 

surface, the capillary action of polymeric surfaces during gradient experiments may attract 

higher density of adsorbed nanoparticles on the surface. Therefore, while it is expected that all 

classes of charged surfaces and any oppositely charged nanoparticles attain surface coverage 

with adsorbed particles, the rate of surface saturation, maximum possible density, and 

interparticle separation may differ for each surface depending on the chemistry of the surface 

as well as film properties. 

4.2.2.1 Nanoparticle density gradients on amine self-assembled monolayers 

To perform the gradient experiment, chips were prepared by applying a monolayer of APTES 

as a functional layer on silicon and glass substrates via the vapour phase deposition method 

described in chapter 2 (2.1.3.2). The synthesis of citrate-capped gold nanoparticle suspension 

was explained in detail in chapter 2 (2.1.3.1).  

To draw the initial outline of the gradient experiment, the kinetics of gold nanoparticle 

adsorption to the APTES surface were monitored using QCM-D. For this, the silicon oxide 
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functionalised QCM sensor chips were subjected to APTES vapours to form the functional 

layer as previously implemented on silicon and glass chips. Then, to determine the kinetics of 

adsorption, QCM chips were incubated with ~ 11.80 nm citrate stabilised gold nanoparticles 

under static conditions. The adsorption isotherms recorded in the QCM experiment enabled an 

approximation of the saturation time (2.5 hours in this specific case), corresponding to the total 

time required to prepare gradient samples (see Figure 67). In the final step, the gradient 

experiment was carried out by placing the APTES-functionalised chips vertically inside a glass 

cylinder with a diameter of 7 mm. The chosen length of the gradient was 15 mm of the total 20 

mm chip length. The constant flow rate of 15.4 L/min, obtained from Eq. 2.1, was set to the 

microfluidic pump to introduce nanoparticle suspension into the experimental vessel. Once the 

fluid (nanoparticle suspension) started filling the experimental vessel, the meniscus gradually 

travelled upwards, advancing across the chip. Since the bottom edge of the chip remained in 

contact with the fluid for the whole duration of the experiment (time of saturation), this region 

occupied the maximum number of nanoparticles and was defined as the zero point of the 

gradient. On the other hand, the opposite end of the gradient coating (set as 15mm), where the 

surface was exposed least to the fluid was expected to show the minimum density of particles. 

The SEM image acquisition was started from the point zero where the chip was incubated with 

colloidal dispersion for the longest duration and was carried out along the whole coating at 

certain intervals (see Figure 68a). Image analysis was implemented on the SEM micrographs 

using ImageJ software and the number of the particles counted on each micrograph was plotted 

versus time of incubation and the corresponding position along the gradient, as shown in Figure 

68b. Meanwhile, the Langmuir-Hill function (red line) was fitted to the experimental plot to 

compare the expected evolution of nanoparticle density and those obtained from the SEM 

images. The experimental curve indicated a systematic non-linear increase of nanoparticle 

densities versus exposure durations (or the corresponding position on gradient). Additionally, 

the observed trend corresponded well with behaviour expected from the theoretical adsorption 

isotherm. The nanoparticle density was found to be 1780 NPs/µm2 for 150 minutes of the 

incubation time. Based on the random sequential adsorption (RSA) theory, the maximum 

adsorbate densities, or the jamming limit, that can be obtained on a surface is a surface coverage 

of 54.7% (279). By considering the current particle size, the maximum theoretical coverage 

after applying this percentage is 4938 NPs/µm2. However, based on the experimental data, the 

density obtained at the time of saturation was 33% of the RSA value or 18% of the APTES-

functionalised surface coverage. Hence, compared to the expected coverage, rather slower 
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kinetics of nanoparticle adsorption onto the APTES surface during the gradient experiment 

were observed.  

 

 
Figure 67. QCM-D kinetic curve recorded in-situ during a nanoparticle- APTES-functionalised 

surface interaction. The black curve indicates crystal frequency variation upon mass uptake and 

the red curve indicates mass variation as a function of time obtained from the first curve. 

 

 

Figure 68. 1-D gradient in AuNPs densities on the APTES-functionalised surface (a) FESEM 

images showing a gradual increase in density of gold NP versus distance along the gradient for 2, 

5, 7, 13.5, and 16 mm from the nanoparticle-dense edge of the coating, (b) The surface NP density 

variation as a function of distance (top-X axis) and corresponding time of incubation with 

nanoparticle dispersion (bottom-X axis). The red curve indicates theoretical fir based on 

Langmuir-Hill isotherm. 
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On the other hand, the higher density of particles, 2737 NPs/μm2, was observed after the static 

interaction of particles with the APTES surface during the QCM experiment for the same 

incubation time. The difference in density between the gradient and QCM experiments arises 

from the difference in the experimental configuration between them. It is assumed that the 

diffusion-limited transport is responsible for the lower nanoparticle density recorded on the 

gradient surface after the dynamic experiment (280). 

 

4.2.2.2 Nanoparticle density gradients on a plasma-deposited CHN layer 

A similar procedure was repeated for the fabrication of nanoparticle density gradient on the 

CHN functional layer. The CHN plasma polymer layer was deposited with a total thickness of 

20 nm using low-pressure CCP plasma as described in chapter 2 (2.1.3.2). Briefly, the 

deposition was performed by generating an initial crosslinked hydrocarbon-rich base layer and 

then deposing a thinner functional nitrogen-rich top layer. The bilayer structure of the thin film 

obtained by the plasma deposition was intended to increase the stability of the surface amine 

functional groups in aqueous media. The base layer, with approximately 18 nm, acted as a 

support to the upper layer with 2 nm thickness. Compared to the conventional single layer with 

the same structure as the top coating, considerably less film degradation and amine functional 

group loss was observed in the optimised bilayer surface as the bottom crosslinked layer 

prevented the thin top layer from restructuring, hydrophobic recovery and ageing (106). 

To investigate the kinetics of adsorption and to estimate the time of saturation, the functional 

CHN layer was also deposited on QCM chips as described above and the QCM measurements 

were carried out during nanoparticle adsorption on the CHN-functionalised substrate (See 

Figure 69). The saturation time was defined as 1 hour and was used to fabricate nanoparticle 

gradient experiments. The SEM images presented in Figure 5a indicated a gradual increase in 

nanoparticle density as a function of the increase in the time of surface exposure to the 

nanoparticles. The corresponding plot (Figure 70b) revealed a nonlinear gradual increase in 

particle density as a function of time and position along the gradient, which corresponded well 

with the theoretical adsorption fit (red curve). The number of particles at the plateau was 

determined to be 1350/μm2, which corresponds to 15% surface coverage. For the same 

duration, the density of AuNP adsorption on CHN layers as measured with QCM was 1597 

NP/μm2, which was 18% higher than the density of gradient sample. The discrepancy in 

densities achieved for the AuNP adsorption at the QCM sensor and after conducting the 
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gradient experiment for the equivalent exposure durations was smaller for the CHN layers than 

for the APTES layers. It implies that, in contrast to APTES layers, the polymeric CHN layers 

may have demonstrated better adsorption kinetics due to capillary effects. 

 

Figure 69. QCM-D kinetic curve recorded in-situ during the incubation of nanoparticle suspension 

with CHN thin film. The black curve indicates crystal frequency variation upon nanoparticle 

adsorption to the functionalised surface and the red curve indicates surface mass uptake evolution 

as a function of time, obtained from converting the frequency-time curve. 

 

Figure 70. (a) FESEM images obtained on CHN-functionalised chip, demonstrating the increasing 

density of gold NP versus distance for 1, 3, 8, 12, and 14.5 mm away from the dense edge of the 
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coating (b) NP density plot as a function of distance (top-X axis) and as a function of 

corresponding incubation time (bottom-X axis). The red curve represents a theoretical  fit based on 

the Langmuir-Hill equation. 

 

 

Comparing the nanoparticle density gradient on CHN and APTES suggested that the porosity 

and polymer swelling might have accelerated the particle adsorption on the CHN surface, 

reflecting a higher initial reaction rate for this surface chemistry. However, since APTES has 

a larger number of primary amines, which is accounted for as the only form of nitrogen 

functional group (with around 3%) (281) adopted a higher number of nanoparticles in the long 

run compared to CHN thin film, which are known for having a complex structure with varieties 

of nitrogen-functional groups including primary amine. The presence of these functional 

groups on CHN was confirmed by the XPS characterisation of the CHN thin film (chapter 3, 

3.4.2.1). 

4.3 Fabrication of nanoparticle gradients with a periodic arrangement of 

nanoparticles 

It was designed to show that the random sequential adsorption principles may be used to 

produce not only the stochastic organisation of nanoparticles on the surface, as in the case of 

APTES and CHN layers, but also a periodic arrangement of nanoparticles. Previously, we 

demonstrated that selective electrostatic attraction of anionic citrate-capped gold nanoparticles 

to a surface coated with periodic arrays of cationic block copolymer can be used to generate 

periodic arrays of gold nanoparticle clusters (178, 282). For this purpose, block copolymer 

arrangements were used to form both the nanoparticle density gradient (gold nano-cluster 

gradient arrays) and the nanoparticle size gradient (gold nano-domes gradient), benefiting the 

core-shell structure of the reversed micellar feature, which would not be accomplished in a 

single run using homogenous functional coatings. 

4.3.1.1 Gradient in nanoparticle cluster dimensions  

Prior to fabricating gradients, the functional surfaces were prepared as described in chapter 2 

(2.1.3.2). Briefly, polystyrene-block-polyvinyl pyridine (PS-b-PVP) were spin-coated on 

substrates and heated to form a thin layer of templates of reverse micelles. Later, the developed 

micellar patterns were further etched by reactive ion etching (RIE) to remove remaining 

polymers between micelles and better define the patterns. As each reverse micelle was utilised 

as a template for fabricating nanoparticle clusters, the desired template size and cluster spacing 
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were optimised using an oxygen reactive plasma etching process. Then, the nanoparticle 

adsorption experiment was performed on QCM chips modified with copolymer templates to 

record the kinetic curves and obtain the time of saturation as presented in Figure 71. Based on 

the maximum period of exposure time attained by QCM, the gradient experiment was carried 

out for 1 hour with the same procedure as described in previous sections with no modifications 

to the gradient size, vial size, or gold nanoparticle suspension. 

The clusters were generated by electrostatic attraction and stabilization of negatively charged 

gold nanoparticles with core-shell structures having cationic pyridine groups in the core that 

bear positive charge at a pH lower than its isoelectric point (pH=8.1). As a result, the size of 

the template features defined the maximum nanocluster size, and the created cluster arrays 

followed the periodicity of the original templates. PS-b-PVP with a molecular weight of 443 

kDa was employed to create templates with 34 nm height, 83 nm diameter, and 170 nm pitch, 

respectively. 

SEM micrographs of the scanned spots on reverse micelle as shown in Figure   72 a revealed 

confined nanoclusters with a steady increase in cluster density as a function of 

distance/exposure duration. Bare micelles were clearly visible at the end of the gradient as 

black circles in the respective SEM images corresponding to 19.5 mm distance away from the 

dense side of the coating, where no particles were accumulated on the micelles. Except for a 

few cluster fusions where more particles were adsorbed, well-defined periodic patterns 

emerged at the denser part of the gradient. The size and periodicity of the produced cluster 

were dictated by the properties of the original micellar template at maximal NP coverage.  

To evaluate the evolution of cluster density, the numbers of adsorbed gold nanoparticles in 10 

randomly selected clusters were counted on each obtained SEM micrograph and the average 

value obtained was plotted versus exposure time and gradient distance, as presented in Figure  

72b. When compared to APTES and CHN functional layers, the micellar template showed 

faster saturation of adsorbing nanoparticles, perhaps as a result of the high density of tertiary 

amine functional groups contained inside the micellar core. 
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Figure 71. QCM-D kinetic curve recorded in-situ during the incubation of nanoparticle suspension 

with a micellar template. The black curve indicates crystal frequency variation during nanoparticle 

adsorption to micelles and the red curve indicates mass variation as function of time, obtained from 

the first curve. 

The maximum AuNP density of 34 NP/cluster was observed from the QCM measurement, 

which is similar to the values resulting from the gradient experiment carried out for 60-minute 

exposure times. Assuming hemisphere geometry for micelles and considering the current 

micelle dimensions, the maximum particle surface coverage of 36% was observed. 

To evaluate height variation, the 3D micrographs of the nanocluster gradient were achieved 

using AFM tapping mode on a 4µm2 area along the gradient, as presented in Figure73  A. 

Comparison between the cross-section profiles of the 3D features proved that rather than 

variation in height, the volume and width of the generated clusters considerably varied along 

the gradient direction (see Figure   73 B). Thus, at the zero-point on gradient surface, bigger 

clusters, and consequently smaller inter-cluster separations were observed, which gradually 

varied as a function of the time of surface exposure to nanoparticles. Also, analysing the 

evolution of surface coverage and cluster volumes based on bearing analysis provided useful 

information about the gradient evolution. The bearing analysis on the scanned area (2x2 μm2) 

revealed a   ̴ 32.7% surface coverage with nanoclusters on the most densely occupied region, 

which corresponded well with SEM analyses. The comparison between the volumes of two 

opposite edges demonstrated an almost 6-fold difference in the total surface feature volumes 

(approximately 0.006 vs 0.001 µm2). 
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Figure  72 . Unidirectional cluster size variation in periodic AuNP cluster arrays. (a) SEM Top-view 

micrographs obtained along the length of the nanoparticle cluster gradient; (b) The cluster size 

(nanoparticle per cluster) evolution as a function of exposure time to nanoparticle suspension 

(bottom-X) and distance across the gradient (top-X). The Langmuir-Hill equation (shown by dotted 

lines) was used to fit the experimental values. 

200 nm

a)

b)

Si
+

-
--

-

0.5 mm10 mm13 mm14.5 mm19.5 mm

200 nm

0 12 24 36 48 60

15 12 9 6 3 0

0

10

20

30

40

50

N
P

s
 p

e
r 

c
lu

s
te

r 
(c

o
u

n
ts

)
Distance along the gradient, l (mm)

Exposure duration, tl  (min)



178 
 

 

Figure   73 . Topography of nanoparticle cluster arrays along the gr2adient: A) 3D topography 

micrographs obtained from AFM in tapping mode along the nanocluster density gradient. The 

micrographs from left to right correspond to 16, 13, 10, 7, 4 and 1 mm from the start (high particle 

density edge). B) 2D top view images of the two extreme edges, low dens2ity and high particle density 

from left to right, respectively, along with the corresponding cross-section height profile curves, 

along an arbitrarily chosen line segment (shown in green colour) on each AFM micrograph. 

 

4.3.1.2 Gradient in size of the gold domes  

The concept of time-dependent adsorption of nanoparticles to prepare nanoparticle gradients 

can be also applied to produce gradients of nanoparticle size by exploiting the time-dependent 

adsorption of nanoparticle precursors. The same block copolymer template which was used to 
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form NP cluster arrays can be utilised to incubate with gold chloride anions from a gold 

chloride solution via an ion-exchange process. Previously, there have been investigations into 

the in-situ growth of inorganic nanoparticles via the exchange of anionic organometallic 

adsorbates inside block copolymer templates (283, 284). 

The identical reverse micellar arrays as previously used for cluster formation were used to 

functionalise the surface and develop domes. The 0.1 M gold chloride solution was prepared 

with distilled water. After incubation of the micellar patterns with a gold chloride solution, the 

samples were subjected to a further reactive ion etching (RIE) process with O2 for three 

minutes. Domes were developed after the removal of the outer shell of the micelle after the 

RIE process, which led to the generation of gold oxide, which was simultaneously reduced to 

gold (0), as it was unstable in atmosphere conditions. Similar to the process described 

previously for the three functionalised surfaces (CHN plasma bilayer, APTES and micellar 

template), QCM measurements were also conducted to monitor the adsorption kinetics of the 

modified chip with gold chloride solution (see Figure 74). The saturation duration of 1 hour, 

taken from the QCM isotherms was considered to perform the nanoparticle-size gradient 

experiment.  

The SEM characterisation results of the in-situ produced gold dome gradient arrays shown in 

Figure 75A demonstrate homogeneous spherical domes with significantly larger diameters in 

the starting edge of the gradient, where it was treated for a longer incubation time (56 min) 

with the gold chloride precursor. The size of the domes gradually reduced toward the gradient's 

opposite edge, resulting in a successful size gradient. This could be explained by the 

incorporation of more gold anions into the positively charged p2vp domains over time, 

resulting in a higher concentration of gold precursors and larger domes near the gradient's 

starting edge. As the micelles are surface-confined, they served as a good template to control 

the morphology of the generated gold domes. 

The top view SEM micrographs were analysed to plot the average diameter of the domes versus 

exposure time and distance along the gradient (Figure 75B). The diameter evolution 

demonstrated a slight variation along 12.5 mm distance from the sample's starting edge, 

remaining in the average 50nm value, then following a declining trend with a relatively steep 

slope beyond this point, finally reaching the minimum value of 33.60 nm at a 15 mm distance 

from the starting edge. 

AFM analysis was performed to follow the height of the surface features. The respective 3D 

images obtained from image analysis are presented in Figure  76 A. 
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Figure 74. QCM-D kinetic curve recorded in-situ during the incubation of gold chloride solution 

with micellar template. The black curve indicates frequency variation during the adsorption process 

and mass uptake and the red curve indicates mass variation as a function of time, obtained from 

the previous curve. 

 

 

Figure 75. A) SEM micrographs representing scanned points along the gold dome gradient. B) Plot 

of average diameter and height of the gold dome features as a function of the time of incubation 

(bottom-X) and distance along the gradient (top-X). The number of particles was expected to 

remain invariable in each micrograph, while height and diameter is increased as a function of 

increasing exposure to the gold nanoparticle precursors. 

 

0 15 30 45 60 75 90

-80

-60

-40

-20

0

 Frequency  Mass

Time (min)

F
re

q
u
e
n
c
y
 (

H
z
)

0.0

0.5

1.0

1.5

x
1
0

3
  
M

a
s
s
 (

n
g
/c

m
2
)

0 20 40 60

15 10 5 0

0

10

20

30

40

50

60

D
ia

m
e

te
r 

(n
m

)

Distance along the gradient, l (mm)

Exposure duration, tl  (min)

0

10

20

30

40

50

60

H
e

ig
h

t 
(n

m
)

a)

b)

Si
+

AuCl4
- (aq)

200 nm

0.5 mm8 mm13 mm15 mm



181 
 

 

AFM micrographs demonstrated the formation of uniform periodic gold domes with gradual 

size evolution versus the time of incubation with the gold salt solution. The gradual growth in 

the height and diameter of the features along the gradient was attributed to the increased loading 

of gold anions into the P2VP domains of the di-block copolymer, increasing the number of 

generated seed particles and finally leading to the emergence of bigger domes. Here again, the 

maximum size was determined by the size of the initial core size. The height profiles extracted 

from the cross-section profiles of the 2D micrographs (Figure   76 B) demonstrated a total 2-fold 

variation in the height of the domes comparing the heights of the features in two extreme edges 

of the gradient.  
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Figure  76 . Topography of the gold nanodome gradient. A) 3D topography from AFM measurements 

of the gold domes scanned along the length of the gradient. B) 2D top view images of the two extreme 

edges, with low and high particle dimensions. Representative height profiles are shown along an 

arbitrarily chosen line (shown as a green line segment).   

 

Comparing the diameter of the two extreme edges (peak base), for this parameter, the variation 

seems to be overall lower than for the height of the features, proving that the height of the 

domes is more affected during the particle growth, possibly due to the direction of the growth.  

 

 

0.0 0.1 0.2 0.3 0.4 0.5 0.6

0

2

4

6

8

10

H
e
ig

h
t 
(n

m
)

Horizontal distance (µm)

-0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

0

5

10

15

20

H
e
ig

h
t 
(n

m
)

Horizontal distance (µm)



183 
 

 

4.4 Properties of nanoparticle gradients 

4.4.1 Surface-Enhanced Raman spectroscopic response on nanoparticle gradients 

The proof of variations in the plasmonic properties of each substrate could be best provided by 

SERS measurements due to the sensitivity of the Raman signals of a probe molecule to the 

changes in nanostructure attributes on the surface. After applying the Raman-sensitive 

molecule, 1-naphthalenethiol (1-NT), to each substrate, 1-NT can specifically bind to gold 

particles through the formation of a chemical bond between sulphur and gold. The Raman 

signal intensity variations were recorded along the gradients and compared in the fingerprint 

region of the molecule (1368 to 1594 cm-1).  The intensity of the Raman signals was expected 

to vary along the gradient due to the variation in density of the particles and the ensuing 

variation in interparticle separation. While the density of nanoparticles defines the surface area 

available for the binding of SERS-sensitive molecules (i.e., 1-NT), the inter-particle 

separations contribute to electromagnetic (EM) enhancements at the junctions, which non-

linearly increases as the size of junctions decreases. The highly enhanced EM fields at narrow 

junctions are technically referred to as EM hotspots. It is known that analytes that sit at the EM 

hotspots make disproportionately high contributions to the signal. 18 Thus, the impact of 

densities on the interparticle distances is expected to far outweigh the contributions due to the 

1-NT concentrations on the surface. In addition, even small geometric changes on the surface 

should be easily picked up by monitoring the evolution of the Raman signals of the probe 

molecule. Here, the aim was to evaluate whether the geometric variation, as presented by the 

gradient, would also be reflected in the variation of the SERS signal intensities.  

The Raman spectrum of the three fabricated gradients (APTES, micelle 1, and CHN 

respectively) as control samples and the SERS spectrum of the same three gradients 

functionalised with 1-NT are presented in Figure 77. The SERS spectrum for 1-NT-

functionalised samples showed major peaks in approximately 1374, 1450, 1500, 1553 and 1580 

cm-1 corresponding to ring stretching vibrations with slight shifts on different scanned positions 

(Figure 77b). The intensity of characteristic peaks was highest in the densest region, as seen in 

the spectrum corresponding to the APTES substrate (Figure 77B (a)). However, no significant 

peak increase in the fingerprint region was observed in the spectrum obtained in different 

regions starting from the low-density edge and up to this point. This finding indicated that the 

particles were not close enough together to produce hotspots and thus boost the SERS signal. 
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It also indicated that even though the surface nanoparticle packing was dense, the essential 

interparticle gap appeared to have a greater impact on SERS. Arrays of nanoclusters, on the 

other hand, demonstrated a successful gradual enhancement of the SERS signal (Figure 77B 

(b)) confirming the previous statement on the impact of the interparticle gap. Because of the 

homogenous distribution of the accumulated plasmonic particle arrays, this result was 

expected. Thus, the short inter-particle distances resulted in both an increase in hotspot 

densities and an increase in EM field enhancements at the hotspots. Cluster formation is 

particularly important, since it increased particle proximity even for smaller clusters, resulting 

in hotspots with adequate EM enhancements to detect 1-NT. 

Comparing the SERS peak intensities in the fingerprint region acquired on the CHN gradient 

(Figure 77B (C)) with the most intense peak recorded for APTES and nanocluster gradients, a 

significant almost 7-fold increase in signal intensity was observed. The Raman intensity 

variation, on the other hand, was not constant throughout the CHN gradient region as two 

discrete gradients in intensity were observed in opposite directions. This could be explained by 

local non-uniformities in nanoparticle densities, which were not visible in SEM micrographs 

but were detected by Raman signals. Because Raman intensities reflect sub-nanometric 

changes in inter-particle distances at hotspots, the observed trend is not surprising. The origin 

of this SERS behaviour on the CHN thus necessitates additional investigation of the surface 

features, which cannot be completed within the scope of this thesis.  

Due to the lack of a representative peak in the fingerprint region, the spectrum collected for the 

gold domes was not included here. The comparison of the SERS data of gold domes with the 

three other substrates could be misleading because, unlike the gold dome gradients, the size of 

the plasmonic nanoparticles on the three other substrates remained constant. The gold dome 

gradient, on the other hand, is a size-variation gradient, with particles (domes) of varying sizes 

produced. The nanodome gradient did not offer significant EM enhancement, resulting in the 

detection of 1-NT. The largest average gold dome size (assuming a circular form) was 

determined to be 175 nm, with average particle separations of 100-150 nm, presenting neither 

sharp corners nor short inter-particle distances to obtain substantial EM enhancements. In 

future studies, nanodome gradients should focus on high feature densities, as this might allow 

interparticle distances in the sub-50 nm range, where the EM fields will be greatly improved. 
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Figure 77. A) SERS spectra of control samples: a) APTES, b) 1-micelle and c) CHN plasma polymer 

each incubated with 1NAT are presented. The points are scanned at 1.5 mm intervals. B) SERS 

spectra of 1-NAT on nanotopography gradients recorded along the density gradients for: a) the 

APTES platform, b) nanoclusters and c) the CHN plasma polymer platform are presented. The 

spectra were recorded on 11 points with 2 mm intervals. The laser was excited at 633 nm. 

 

• Application of nanogradients for SERS sensing  

It is widely known that fabricating a sensitive (bio)sensor requires the fast and high throughput 

optimisation of the bio-interface by tailoring those effective surface variables that are linked to 

the performance of the sensor. When light interacts with noble metal nanoparticles, conduction 

electrons oscillate at a precise resonance frequency determined by the nanoparticles' 

geometrical features. Due to localised plasmon resonance, these structures may absorb and emit 

light several million times more intensely than a normal fluorophore (285). Because even minor 

changes in nanostructure proximity cause noticeable changes in the refractive index and, 

eventually, in the plasmon bands of the nanostructure arrays, label-free detection of specific 
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analytes is possible by monitoring the plasmon spectra of surface-confined nanostructures 

during the binding event (e.g., antibody-antigen coupling). 

Studies show that an interparticle gap of less than 10 nm is critical for obtaining maximal 

enhancements in hotspot development. (286) as most ordinary chemicals and short peptides 

are in the sub-1 nm size range, many molecules can be found inside the hotspot region 

depending on the molecule binding orientation (tilted, perpendicular, or parallel). However, 

larger molecules, particularly proteins, require a greater gap size to fit and avoid steric 

hindrance. This requires the optimisation of the interparticle gap for the target molecule. In this 

regard, unidirectional micro or nanoarrays of noble metal structures with a gradually varying 

parameter (i.e. shape, size or interparticle gap), can be translated into the formation of a 

plasmonic gradient that allows the optical responsiveness to be mapped to bioreactions in the 

form of plasmon peak intensity variation and/or shift (287).  Table 11 includes the topography 

gradients prepared under the framework of the current study with the potential future 

biosensing applications. The attributes for three types of gradient samples for gold nanoparticle 

density gradient on a) CHN and b) APTES and finally c) gold nanocluster density gradient is 

listed in the table.  

 

Table 11. The four 1-D nanostructure gradient samples studied in the current work attributes are 

presented with relevant gradient. The gradients were prepared on 20x10 mm si chips with a total 

gradient length of 15mm. 

Gradient Average size 
Gap variation (edge-to-edge 

nm) 

Extinction coefficient 

(unit) 

Gold NPs on CHN 11 nm 4.6 - 27.3 6.8X 10-2-11X 10-2 

Gold NPs on APTES 11 nm 1.63-73.45 2 X10-2-16 X10-2 

Gold clusters 390.3 ± 25.8 nm diameter     ̴ 14 

nm height 

- 3 X10-2- 8.9 X 10-2 

 

                                                                                                                                                         

 

As can be seen in the table, the monodispersed gold nanoparticle gradients on two different 

chemistries (APTES and CHN) led to different scales of interparticle gap variation as well as 

different gradient slopes. The optical results obtained from SERS confirm the gradient results 

and outcomes of previous discussions, showing an initially enhanced particle adsorption rate 

on CHN functional film and a higher density of adsorbed particles on the APTES coating at 
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the saturation point if the number of the particles is taken proportionate to the SERS signal 

(Extinction coefficients). The lower interparticle gap obtained for APTES (1.63 nm vs 4.6 nm) 

at the saturation point is a direct outcome of the higher density of the particles on the monolayer 

compared to CHN. 

As mentioned earlier, the other alternative for generating interparticle gaps below 10 nm is to 

design 3D structures, e.g., nanoclusters with enormous accessible binding sites and several 

hotspots on every single structure compared to monodispersed gold nanoparticle arrays. The 

densest structures in the generated nanocluster gradient allow for a 3D structure with an 

increased gold surface and many available binding sites for the analyte, as well as many 

hotspots, owing to the tiny interparticle gap. Previously, the similar gold nanocluster arrays 

prepared with a PS-b-P2VP reverse micellar template were analysed for SERS enhancements 

as a function of the number of particles per cluster (3 to 18 particles/cluster) and per separation 

between the clusters (10 to 40 nm) for 18 particles/cluster. While the first analysis proved a 

three-fold SERS enhancement by increase in nanoparticle density, the second showed a 1.5-

fold SERS enhancement as a function of the decrease in inter-cluster separation (16). 

One significance of density gradient is that through the rational design of a SERS substrate, 

one can establish a balance between the cost and performance of a sensing platform. It means 

that even for small molecules and chemicals, after a certain critical cluster density, further 

increases in density or in the number of particles may not lead to noticeable field enhancement, 

hence, identifying the minimum density that allows for the greatest enhancement will yield 

savings in experimental costs and time. Also, while a dense structure with multiple hotspots is 

advantageous, particularly for the SERS-enabled detection of chemicals (even small proteins), 

the same may not be true for larger proteins/biomolecules.                                         

The number of clusters attained in the current work was approximately 35, with a wide range 

of interparticle distance, ensuring strong field enhancement in the hotspot region formed, 

making this gradient interesting for future plasmonic applications. This potential was indeed 

confirmed by investigating SERS response along the gradient length. Based on SERS 

assessment, the intensity variations as a function of cluster density for nanocluster gradient 

sample indicated that the maximum intensity was attained on point 7 (light blue) rather than 

the point with the highest cluster density, as shown in Figure   78 (Figure 77B (b)). This 

confirmed that the highest density does not always result in the highest SERS intensity, 

implying that factors other than density were most likely involved. The steric hindrance 
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imposed by citrate groups in narrower gaps could be one influencing parameter. Meanwhile, 

for contacting particles (zero gap), due to the absence of 1-NT, there is no EM increase at the 

interparticle gaps. Furthermore, SERS quenching can be expected when a SERS-insensitive 

molecule fills the inter-particle gap and prevents 1-NT molecules from entering this region. 

 

Figure   78 . SERS spectrum of 1-NT obtained on 10 points with 2mm intervals along the gold 

nanocluster gradient sample in the direction of cluster density increase. The excitation wavelength 

used was 633 nm. The main peaks corresponding to ring stretch are observed at 1375, 1449, 1501, 

1556 and 1629 cm-1. 

 

Once the possibility of identifying SERS-active 1-NT has been proven, the applications can be 

extended for the detection of various classes of chemicals which can either chemisorb directly 

on the gold or interact electrostatically with the negatively charged capping agent on gold 

nanoparticles. Meanwhile, the wide scope of interparticle gap resulting from the cluster density 

gradient generated over 15 mm allows the identification of bigger molecules, such as proteins, 

which require bigger gaps in order to penetrate and avoid the hindrance. This underlines the 

great potential of this class of structural gradients to be employed for the optimisation of 

nanostructure characteristics aiming to maximise SERS performance. 
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4.4.2 Wettability characteristics of nanoparticle gradients  

The 1-D topography gradient on CHN was characterised at several points as a function of 

distance along the gradient with static contact angle measurements, as presented in Figure 79. 

A gradual decrease in contact angles (hydrophobicity) of the surface was observed with an 

almost exponential decay trend as the particle density gradually decreased along the gradient. 

An overall 18° variation was recorded, shifting from a hydrophobic surface (≥90°) at the 

extreme high-density edge of the sample to 73° at the opposite edge. It should be remembered 

that this result was obtained on a substrate with the base coating, amine-functional plasma 

polymer, with hydrophilic nature (62.2° measured with 2 μl droplet and 55.52° with 0.3 μl 

water droplet) deposited with hydrophobic citrate-capped gold nanoparticles (95° for a dried 

film of citrate-capped nanoparticles and 84° for pristine flat Au (5)). Therefore, it seemed that 

initially, in the low-density region of the gradient, the surface wettability was ruled by the 

chemistry of the plasma polymer platform, while upon the gradual appearance of the particles, 

wettability was influenced by the blend of the chemistry and topography parameters.  

To assess this hypothesis, it was necessary to compare the trend with classic wettability 

theories. Accordingly, a model consisting of two spherical particles with the same size and 

varying edge-to-edge distance was considered (see chapter 2, section 2.2.4.2.2). Based on this 

model, the following parameters were taken into account: area including the two particles, the 

area of particles (area of a sphere in the Wenzel regime or area of a spherical cap in the Cassie-

Baxter regime) and the fraction of the particle and air in contact with water droplet (Cassie-

Baxter regime). The aim was to depict the expected (theoretical) contact angle values as a 

function of the nearest neighbouring distance (NND) between particles. 

Initially, the SEM micrographs for the topography gradient generated on CHN plasma and 

APTES samples were analysed with image analysis software and the number of particles 

obtained at each scanned point was plotted versus the NND (calculated from edge-to-edge) of 

that point. The results are presented in Figure 80 for the CHN plasma polymerised film and 

APTES gradient, as a conventional nitrogen-rich coating. To conform to the trend with the 

theoretical equation, NND was calculated by simply assuming a four-particle system for 

nanoparticle distribution. The model was developed by considering the whole surface as a big 

square divided into numerous square cell units of the same size in which each nanoparticle is 

located on the edges of unit squares and separated from the adjacent particle with NND. The 

following equation was used to fit the experimental plot: 
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𝑁 = (√(
𝐴

(2𝑟+𝑁𝑁𝐷)2
) + 1)2                                                                                                           4.1 

While A presents the total area covered with particles, N and r present the number and radius 

of the particles, respectively.  

As can be seen, the model (red curve) and the experimental values (scattered plot connected 

with dotted line) are compatible with some variances. The primary reason for the discrepancy 

is that the model assumes the well-organised distribution of particles on the surface, whereas 

in practice, as observed in SEM and AFM micrographs, the particle distribution is random. The 

second problem is the variability in particle size distribution, which is difficult to control during 

synthesis. Finally, the data from the first two plots, WCA vs distance and number of particles 

per area versus NND, were combined to obtain the third plot, WCA versus NND (see Figure 

81). The experimental curve (grey scattered plot) indicated a declining trend as a function of 

interparticle distance, suggesting that upon decrease in the particle density, wettability of the 

surface rose (reduction in WCA). Even if the data was not covered by the fitting, the direction 

of variation is in accordance with the Wenzel curve (red curve) obtained from the model, 

implying that the water droplet follows the contour of the structure and fills the gaps in between 

particles. It suggests that the surface topography was not rough enough to allow air pockets to 

form beneath the droplet, causing the system to enter the Cassie-Baxter regime, which would 

otherwise have revealed a superhydrophobic behaviour (see the blue curve). 

 

Figure 79. Wettability gradient generated along the nanoparticle density gradient on CHN. The 

values are measured at 2, 6, 8, 10, 12, 14 and 16 mm from the particle-dense edge of the coating. 
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Figure 80. The particle count numbers obtained from SEM micrographs for A) APTES and B) CHN 

samples are plotted against the average nearest neighbouring distance (NND) corresponding to each 

scanned area (scattered plots). The red solid line is the fit developed based on the orthogonal particle 

distribution model. The variation from the model is expected, as the nanoparticle assemblies do not 

represent a regular arrangement as used for the model. 

 

 

Figure 81. The wettability values obtained along the gradient plotted as a function of NND. The solid 

lines correspond to Wenzel and Cassie-Baxter curves (red and blue curves, respectively) developed 

based on the model. The adjusted experimental parameters were particle radius, area of particles, 

etc. 
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The model is clearly detailed in Chapter 2 section (2.2.4.2.2). The following equations were 

established based on the model adopted for totally covered surface features with water droplets 

(semi-Wenzel regime): 

𝜃∗  = cos−1(4 cos 𝜃1  +  (1 − (
𝜋𝑅

 F𝑅
+ 𝑁𝑁𝐷)) cos 𝜃2)                                                         2.26                

where θ*= Apparent contact angle, θ1 is the WCA of intrinsic citrate-capped gold nanoparticle, 

θ2 is the WCA of CHN plasma polymer, which is eventually converted to: 

𝜃∗  = cos−1(0.24 −
1.75 𝑅

4𝑅+𝑁𝑁𝐷
)                                                                                                4.2 

after replacing the parameters with R=5.5 nm as the initial radius value and allowing the curve 

to iterate between 1<R<11. In this equation, NND is the independent variable while R is the 

parameter and θ* (WCA) is the dependent variable.  For partial surface coverage with the water 

droplet or so-called the previously described Cassie-Baxter regime was used: 

𝜃∗ =  𝑐𝑜𝑠−1(
2𝜋𝑅2 (1 − 𝑐𝑜𝑠 𝛼)    

𝜋𝑅2(𝑠𝑖𝑛 𝛼)2
) 𝑐𝑜𝑠 𝜃1 − 1 +

2𝜋𝑅2(𝑠𝑖𝑛 𝛼)2

(4𝑅 + 𝑁𝑁𝐷)2𝑅
                                         2.30 

which was converted to: 

𝜃∗ =  𝑐𝑜𝑠−1(4 𝑐𝑜𝑠 1.65 (1 − 𝑐𝑜𝑠 𝛼) (𝑠𝑖𝑛 𝛼)2 − 1) + (
17.27(𝑠𝑖𝑛 𝛼)2

(22+𝑁𝑁𝐷)2𝑅
− 1))                        4.3 

by replacing initial α=1.5 and allowing it to iterate between 0.6 < α <1.9. 

 

4.5 Conclusion and Perspectives 

The fabrication of unidirectional surface gradients with a gradual evolution of densities, 

diameters and the dispersion of gold nanoparticles is presented using a rational and adaptable 

technique. The applicability of the approach was demonstrated utilising different surface 

chemistries from homogenous conventional self-assembled monolayer to plasma polymerised 

3D coatings and patterned micellar periodic arrangements. The possibility of forming both 

stochastic and ordered arrangements in nanoparticle distribution was achieved by the choice of 

functionalised surface as a separate controlling factor. Two stochastic nanoparticle density 

gradients with a comparable nanoparticle density scale (interparticle gap scale) were achieved 

by selecting one of the two different surface chemistries of monolayers and plasma polymers. 

The same micellar template was utilised to generate two different periodic arrays: one with a 

variation in nanoparticle cluster density and the other with a variation in nanoparticle size by 
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selecting between two different precursors, gold nanoparticles and gold chloride solution, 

respectively.  

The experimental design allowed the conversion of the volumetric rate of the rise of 

nanoparticle/precursor dispersion into the linear variation of contact times with the stabilised 

surface-functionalised chip. Independent of the chip size, the proposed approach can be 

adapted to form gradients with a intended lengths and variation magnitudes thus, surpasses the 

flexibility that is currently possible with motorised or piezo-based dip-coating systems. 

Meanwhile, the gradient experiment benefits from the contained environment of the closed 

chamber that reduces possible evaporative losses and contaminants during the experiment. The 

set-up also benefits from a compact, portable design and user-friendly operation. The approach 

is believed to motivate future advanced rationally designed nanostructure gradients based on 

time-dependent surface reactions.  

The versatile approach presented here benefits from simple electrostatically driven adsorption 

processes, which are easily adaptable in order to construct gradients of any kind of 

nanoparticles, independent of the material and substrate of choice.  

When investigations into optimal nanostructure features are necessary (e.g., dimension, 

interparticle gap, density, etc.) for various applications related to the optical and electrical 

properties of gold nanoparticles e.g. fabricating plasmon-enhanced spectroscopic sensors (178, 

288-291), photocatalytic devices (292, 293), charge storage devices (292, 293), and bio-

interfaces (294, 295), these nanostructure gradients could serve as potent optimisation 

platforms. Apart from the unique intrinsic properties of noble metal nanoparticles, the physical 

properties could be tuned to alter surface topography e.g., by changing the geometrical shape, 

density and orientation of the nanoparticles. The versatility of the developed nanoparticle 

gradients allows further modifications to be made to develop different nanoparticle geometries 

(e.g., nanopillars, nanoholes, etc.) via nanolithography techniques and based on using 

nanoparticles as etch masks. 
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Chapter 5:  Fabrication of orthogonal surface gradient 

5.1 Introduction 

Directionality is one important attribute of a surface gradient that defines the direction along 

which surface property(s) vary. While unidirectional gradients have received the most attention 

over the last 50 years, there have also been reports of gradients of multiple variables evolving 

in radial, orthogonal, or triangular directions (296). An orthogonal gradient is a surface gradient 

fabricated using two variables that evolve steadily and independently in a perpendicular 

direction. The 2D or, orthogonal gradient surface is a potent screening tool that enables fast 

and high throughput surface studies with diverse applications from material science to biology 

(297). These two distinct variables can be seen at any point on the modified orthogonal surface. 

This enables the rapid monitoring of two surface parameters concurrently, meaning that while 

single surface gradient offers faster and more efficient optimisation compared to the classic 

time and resource-intensive optimisation approaches, the double optimisation offered by 

orthogonal gradients doubles the advantages compared to the classic approaches. Furthermore, 

it allows the systematic investigation of a third surface parameter that varies in relation to both 

surface gradients. For example, with correct surface engineering, it is possible to obtain a 

variation in surface wettability on an orthogonal gradient that is broader in scope and 

magnitude than the wettability obtained using each component (e.g., the 1-D chemistry gradient 

or the 1-D topography gradient) alone. This suggests that greater flexibility can be achieved in 

modulating the surface wettability properties through an orthogonal gradient. Alternatively, the 

orthogonal gradient generated can be further enhanced as a platform to form a brand-new 

extrinsic gradient. There have been reports on the forming of 2D distributions of nanoparticles 

(157) and proteins (298, 299) on orthogonal gradients, with implications for material and 

biomedical investigations.   

The first case studies on orthogonal gradients were published two decades ago (157, 300, 301), 

and progress is still being made in this field, in parallel to advances in surface engineering 

techniques. However, despite all of their advantages, the number of published multigradients 

with potential applications in the monitoring of physico-chemico-biological events remains 

relatively low compared to the massive number of published unidirectional gradients. This is 

most likely due to the multiple fabrication steps involved and the cost of fabrication. As 

previously discussed for unidirectional gradients, fabricating orthogonal gradients with 

complicated techniques improves control over the generated surface features, thus increasing 

reproducibility; however, this often comes at the expense of time and resources, thus limiting 
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the upscaling that is required for applied research purposes. Therefore, innovative 

manufacturing technologies that allow simpler sample handling, while at the same time 

reducing time and resource requirements, are beneficial in addressing these constraints. An 

example of outstanding strategy previously reported for developing orthogonal gradients was 

the orthogonal gradient of groove pitch and depth developed via photolithography, with the 

possibility of mass replication using injection moulding, which allows upscaling in production 

and enables the patterns to be transferred to a substrate of choice (302). The other interesting 

work employed a single experimental setup, based wholly on electrochemistry to form both the 

topography and chemistry gradients orthogonally, with the aim of assessing mesenchymal stem 

cell responsiveness to both surface variables (158). Anodisation was utilised to first create a 

pore size gradient (porous silicon (pSi) gradient), then a functional group gradient was 

electrografted orthogonally on the same surface and was then used to create and further 

functionalise a peptide ligand gradient. Similarly, a single technique was introduced in a recent 

report (303) in order to fabricating the orthogonal density gradient of two distinct metallic 

nanoparticles utilising mask-assisted deposition with a gas-aggregated nanoparticle source 

(GAS). The resulting 2D-linearly graded Ag-Cu nanocomposite with tuneable dual-plasmon 

resonance could be particularly applicable for developing plasmonic sensors, SERS substrates, 

etc.  

In the scope of the current study, a simple and flexible multistep fabrication design, a 

combination of surface chemistry and surface physics, was explored for developing the 

orthogonal gradient. For this, the previously proposed versatile approach for generating 

stochastic nanotopography gradients (as described in Chapter 4 (4.2.2) was utilised to generate 

the first gradient and was subsequently combined with the second gradient developed via the 

fast, waste-free, readily tuneable, and substrate-independent chemical modification offered by 

plasma polymerisation (as described in Chapter 3 (2.1.2.1). 

5.2 Fabrication of orthogonal gradient  

Figure 82 displays the sequence of steps involved during the fabrication of the orthogonal 

gradient (1). The production of the Uni-directional nanoparticle density gradient on CHN 

plasma polymer (described in Chapter 4, (4.2.2)), was the first step in the fabrication of the 

orthogonal (2D) gradient. Shortly after, a homogenous functional nitrogen-rich layer was 

deposited on the Si substrate using low pressure CCD plasma and was then used as a molecular 

template to generate the nanoparticle density gradient. The electrostatic interaction of 

oppositely charged particles with the surface allowed for strong interactions and, eventually, 
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surface modification with particles via the dropwise and time-controlled introduction of the 

nanoparticle dispersion and position-dependent exposure of the vertically placed functionalised 

substrate. Once the fabrication of the first gradient was completed, the mask-assisted plasma 

polymerised chemistry gradient (as described in Chapter 3 (3.3), and chapter 2 (2.1.2.1) was 

deposited on top, perpendicularly to the first gradient to finally form the orthogonal gradient. 

For this, the chips were placed inside the grooves of the masking device as shown in Chapter 

3 (3.3) then covered with the cap. The 4 distinct coatings with gradually varying nitrogen 

content were deposited in a perpendicular direction to the topography gradient and along 1cm 

width of the chips. For the final form of the 2D gradient based on the design, it was projected 

to obtain larger spheres (in comparison to the initial uncoated nanoparticles) with sufficient 

inter-sphere separation in low nanoparticle density regions and overlapping spheres in high 

particle density parts. Therefore, the thickness of the top coating (second gradient) was tuned 

after a few trials. Initially, plasma parameters were adjusted to deposit the 4 coatings, each with 

total thickness of approx. 25 nm. However, images obtained using helium ion microscopy 

(HIM) on a high-density region before and after coating indicated that some particles seemed 

to be buried beneath the coating (see Figure 83). 
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Figure 82. A simple illustration depicting the development of orthogonal gradients. A) The steps 

involved in fabricating a 2D gradient begin with (I) forming the base amino-functional layer using 

the deposition parameters described in Table 5, followed by generating topography or nanoparticle 

density gradient along the base layer in a horizontal direction using the approach described in 

Chapter 4, 4.2.2; and (II) depositing the amino-functional chemistry gradient on top of the 

topography gradient in a perpendicular direction using the deposition parameters described in Table 

5. B) A top view of the orthogonal gradient and what outcome to expect in each direction. The density 

of the particles, and hence interparticle separation, varies in the horizontal direction, whereas the 

chemistry of the surface changes gradually in the vertical direction. 

 

As a consequence, the surface texture could be termed smooth in areas where particle packing 

was close enough throughout the gradient length. This resulted in a limited span of surface 

roughness variation along the gradient after being coated, which was undesirable. Therefore, 

the overall thickness of the coating was decreased to 10 nm, which was expected to preserve 

the morphology of the 11 nm particles. 
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Figure 83. HIM micrographs corresponding to a) Top view of nanoparticles before coating b) top 

view of the particles after coating with 25 nm thick plasma deposition and c) tilted view (50 °) of the 

coated particles. 

 

5.2.1 Elemental composition of the top layer (the chemistry gradient) 

XPS was earlier used to perform an elemental analysis on the reference chemical gradient, as 

discussed in Chapter (3). 3.4.2.1. In summary, the XPS quantification was performed on 18 

spots along the chemical gradient, and it was concluded that: 1) the O and N content increased 

moderately from coating 1 to coating 4, and 2) the carbon content decreased slightly in the 

gradient direction. 3) Carbon 1s peak deconvolution revealed that when ammonia was injected 

into the discharge, the initial C-(C,H) peak gradually decreased, and subsequent ammonia 

increases resulted in the formation of complex N and O-containing functional groups. On each 

coating, the functional groups predicted as being linked to C1s were identified using two 

different scenarios. 

It is well recognised that the material characteristics of the substrate might have an impact on 

the analysis results, either due to changes in deposition/fabrication and/or analysis. Since the 

orthogonal gradient was generated using the plasma polymerisation of a gradient thin film on 

a gold nanoparticle-coated layer, the probable differences in coating chemistry or analytical 

response owing to the presence of conductive metal sub layer had to be studied. Therefore, it 

was decided to perform the elemental analysis on the orthogonal gradient on a total of 8 chosen 

spots (1 point for 1 coating) on the sample's two extreme edges. The XPS data was collected 

first in the low particle density zone at four spots along the chemical gradient length, and later 

at four points in the high nanoparticle density zone along the same direction. The objective was 

to investigate the variation of N and O along the gradient direction and compare the amount of 

each element individually in two low particle density and high particle density regions along 

the gradient direction. The XPS spectra were collected following survey scans over the width 

400 nm 400 nm 400 nm
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of the orthogonal gradient (chemistry gradient direction), as shown in Figure 84 for both the 

low and high particle density zones. Accordingly, the quantification elemental analysis results 

for major elements are provided in Table 12. 

Figure 84 shows the major detected peaks at 285, 530, and 400 eV, which were attributed to 

C1s (the largest peak), O1s, and N1s, respectively. As predicted, the Au (4S, 4p, 4f, and 4d) 

peaks originating from the sub-gold nanoparticle layer were only found in the high particle 

density zone. The existence of gold was confirmed by the powerful and sharp Au 4f peaks in 

the high particle area (Figure 84 (b)). The remaining peaks were attributed to the auger 

electrons N KLL and O KLL in both spectrums, as well as a minor amount of fluorine (F1s) 

contamination (approx. 0.1%) in the low gold density area. In addition to the survey scans, the 

high-resolution scans were performed on both zones for quantification purposes. The peak 

integration findings are displayed in Figure 85 and Figure 86 for elemental nitrogen and 

oxygen, respectively. Figure 85 illustrates the generation of a gradient through the four 

coatings, with a deviation noted for the final coating, which was deposited with NH3/C2H4= 

7/7 and double plasma pressure, aiming for a greater NH2/C and N/C ratio. The variance in 

total N% content ranged from 1% to 11.5% at maximum value for the low gold particle zone 

and 0.8% to 10.4% for the high particle density zone. Applying two-fold pressure during the 

fourth deposition condition, was ineffective in raising N/C further as indicated via XPS 

analyses in Chapter 3 (3.4.2.1),  so as is evident, positions 4 and 8 showed slightly lower N% 

compared to positions 3 and 7. One possible explanation for this observation is that the increase 

in pressure resulted in reduced energy (and ion bombardment) during film growth because of 

a higher number of collisions at high pressure, thus resulting in lower fragmentations leading 

to a less crosslinked plasma polymerised coating, which in this case may imply an increase in 

primary amine content but not necessarily an increase in total N%. The next noticeable point 

was the slight difference in total N% between low NPs density region and high NPs density 

region. This difference, however, was negligible since the previous XPS tests performed on the 

homogeneous reference chemical coating revealed about 1% variability in quantifications for 

the points scanned on an identical coating with the same chemistry. 
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Figure 84. The XPS spectra obtained by a survey scan on a) a low gold nanoparticle density region 

starting from low N% coating (position 4) to highest N% region position 1. In this set of spectra, a 

negligible amount of fluorine is observed in position 4 and, b) a high particle region starting from 

low N% coating to high N% region. In this spectra, unlike the previous spectra, peaks corresponding 

to gold particles, with 4f Au being the most intense, are easily observable. 

 

Table 12. Elemental analyses results for points scanned vertically along the amine gradient in a) 

low particle density and b) high particle density regions. 

 

b)a)

Sample identifier C1s% N1s% O 1s% Au 4f% Si 2p% N/C (%)

Coating 8 83.7 10.4 5.6 0.2 12.5

Coating 7 83.5 10.7 5.6 0.2 12.8

Coating 6 85.5 8.9 5.4 0.2 10.4

Coating 5 91.4 0.8 7.7 0.1 0.9

Sample identifier C1s% N1s% O 1s% Au 4f% Si 2p% N/C (%)

Coating 4 82.5 11.2 6.3 13.6

Coating 3 81.7 11.5 6.9 14

Coating 2 85.2 9 5.8 10.5

Coating 1 92.3 1 6.7 1.1

a)

b)
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Figure 85. The high resolution N1s peak integration results at 8 points obtained at two extremes: low 

and high particle density regions. The orange and dark blue columns show the N% for the points 

scanned before the etching of the coating along the width of the sample on two extreme edges of low 

density and high density, respectively. The light blue and yellow bars show the results for etched 

coating for points (1-4) and (5-8), respectively. The points on each region are scanned at 1.2 mm 

intervals. 

 

As previously noted in Chapter 3 and presented in Figure 61, there is a significant amount of 

oxygen contamination in the coating, which is thought to have occurred post-deposition and is 

likely due to trapped free radicals and chemical restructuring. To explore the source of the 

oxygen, the top layer of the coating was etched for 60 seconds with Ar+, 2kV,100A. Given the 

depth of the coating, the elemental analysis obtained from high resolution scans for 8 selected 

spots before and after etching are expected to give insight into the source of this contamination. 

The quantification results for elemental oxygen for the coating analysed after etching the top 

layer in both zones are presented in Figure 86. A brief look at the bars shows a considerable 

overall drop in oxygen level after etching the sample surface in both zones. Before etching, the 

sample demonstrated roughly 7% elemental oxygen, which decreased to a high of 2.3% after 

etching the top layer. This indicates that the source of the oxygen was mostly the post-exposure 

to air, as only a small fraction was integrated into the polymer structure. This minor percentage 

of oxygen incorporated into the polymer structure was to be expected because, despite purging 

the plasma chamber with inert gas (argon) between each coating process, the opening of the 

chamber and displacement of the mask before each deposition may still have allowed minor 

O% into the polymer structure. 
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Figure 86. The high resolution O1s peak integration results at 8 points obtained at two extreme 

edges: low and high particle density edges. The orange and dark blue columns show the points 

scanned before the etching of the coating along the width of the sample on two extreme edges of low 

density and high density, respectively. The grey and yellow bars display results for etched coating for 

points (1-4) and (5-8), respectively.       

                                                                                                                                                                                                                                                                                                                                                                                                                        

Another point to note is that there was no discernible trend in oxygen variation for each zone 

before and after etching the sample, and a comparison of Figure 85 and Figure 86 confirmed 

the irrelevance of the oxygen content with the nitrogen content along the four coatings, 

emphasising the minor oxidation of nitrogen-containing groups. The maximum O% and 

variation were not in accordance with the reference chemistry coatings reported in Chapter 3 

because for the reference gradient coating, O% varied parallel to N% with oxygen content 

reaching a maximum of 17%, nearly twice the current coating's maximum of 8 percent. 

Additionally, the C1s peak deconvolution was carried out to gain a better understanding of the 

coating compositions by comparing low- and high-density areas. The purpose was to see 

whether the presence of particles influences the nature of polymers by comparing functional 

groups in a C1s environment. As shown in Figure 87, the carbon peak analysis produced 

comparable results for peak components to the prior reference chemical gradient. It was 

observed that the shift of the C1s peak to higher binding energies from coating 4 to coating 1 

along the gradient, parallel to the increase in the ammonia flow rate in the discharge, is an 

indicator of the transition from a hydrocarbon-rich coating to a functional coating with various 

polar electro-negative groups and unsaturated bonds. To understand the presence of diverse 
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functional groups, the following model, composed of three distinct vertical layers, is considered 

based on the post-exposure to air/moisture: 

I) The uppermost part of the coating, including trapped free radicals and amine groups that 

could react more strongly with molecular oxygen or moisture from the air, leading to the 

incorporation of oxygen in the polymer structure and forming various carbon and oxygen 

containing groups like amide groups (304). Due to the higher interaction of the uppermost layer 

with the atmosphere, the most common group for this layer was the carboxylic group O=C-O-

. 

II) The second layer beneath the uppermost layer, which was not directly exposed to air and 

which was expected to contain some oxygen and water incorporation through 

diffusion/permeation from the uppermost layer. In this layer, the hydrocarbon structure is likely 

to face slight oxidation leading to O- and N-containing groups like C=O, N-C=O, N-C-O. 

III) The third layer sufficiently away from the air exposure mainly contains hydrocarbon and 

nitrogen-containing groups, i.e., amines, imines, nitriles and secondary or a tertiary form of the 

aforementioned groups resulting from the plasma polymerisation of ethylene with ammonia. 

C1s curve fitting was conducted to investigate the carbon environment and explore different 

functional groups. For C1s curve fitting, the two scenarios previously described in Chapter 3 

(3.4.2.1) were used: 

 

A) With the first scenario depicted in Figure 87, based on the data (305) obtained from the 

analysis of conventional polymers with similar functional groups, the C1s peak 

consisted of 4 peak components at 285, 286.4, 287.9 and 288.9 eV, respectively. The 

large increase of intensity occurred from 9 to 23% for the second peak component 

corresponding to C-(O, N) at 286.4 eV, which was accompanied by a large decrease in 

the intensity of the main hydrocarbon peak i.e., C-(C-H) at 285 eV from 88% to 71%, 

between the first two coatings (position 3 and 4). The increase occurred after the 

introduction of ammonia in the discharge at a flow rate ratio of 4/7 NH3/C2H4 (coating 

2: position 3 for low particle density and position 7 for high particle density zone).It 

then remained constant for the next two coatings (positions 1, 2 and positions 5, 6). The 

next peak component at 288 eV, which contributed to around 5% of total C1s area under 

the peak, was supposed to result from O-C-O and O-C=N. The intensity for this peak 

remained constant for all three coatings deposited in the presence of ammonia. Here 

again, a more pronounced evolution of the intensity was expected from coating 1 to 
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coating 4, than was actually the case. The last peak component at 288.9 eV contributed 

to 1% or less of the total composition. As can be seen, this did not vary between the 

four coatings by a change in the composition since it concerned mainly the uppermost 

part of the coatings. This peak was expected to be caused by the carboxylic group O-

C=O.  

Due to the particular chemistry of plasma coatings, these results imply that the first scenario, 

which is suitable for XPS analysis of standard polymers, is probably not well adapted to the 

deposited coatings in the context of the current study. As a result, we offered a second scenario 

based on the study of comparable plasma coatings in order to achieve a more relevant 

interpretation of the XPS data.  

B) Based on the second scenario, the C1s deconvolution yields 5 peak components, as 

shown in Figure 88. The first component, corresponding to hydrocarbon bonds, 

appeared at 285 eV. Then, with a slight shift, the second peak component occurred at 

285.7 eV, which was attributed to the primary amine, C-N. The intensity of this peak 

was less than 1% in the first coating, increased to 8% in the second coating and 

remained constant at 11% in the last two coatings, which were deposited at a higher 

ammonia rate. This second fit seemed more pertinent as it showed a more constant 

increase of C-N bonds when adding ammonia to the discharge. The next peak 

component at 286.5 eV was related to the C-O/C=N/nitrile bonds with a total higher 

intensity than the primary amine intensity recorded in the previous peak. One probable 

reason is that oxidation reactions involving instable primary amines and other groups 

are involved. This assumption is supported by a continuous increase in peak intensity 

along the four coatings, starting with an almost twofold increase along the first two 

coatings (9% to 17%), before it increased, remaining at 19% along the last two coatings 

with higher primary amine groups. 

The third peak was predicted to be mainly derived from imine functional groups with some 

nitriles in lower quantities for NH3/C2H4 precursor depositions compared to plasma deposition 

with monomers such as cyclopropylamine and allylamine with initially occurring C-N bonds. 

Then, due to higher oxidation levels of the hydrocarbon and N-containing chemical groups, the 

fourth peak component at 287.8 eV corresponding to O-C- (O,N) and/or amide, N-C=O 

emerged. A slight increase in the intensity of this peak was observed from 3 to 6 at.% between 

coating 1 and coating 2, and it then remained constant for the next two coatings. The last peak 

component at 288.9 eV with marginal intensity, with 1% or less contribution, corresponded to 



205 
 

the carboxylic group originating from a higher oxidation of the coatings at the uppermost layer 

due to a higher interaction with surrounding environment.  

In conclusion, the curve fitting results for both low and high Au nanoparticle density regions 

followed very similar trends, which proves the similar chemical composition of the C1s 

neighbouring groups for the two regions, regardless of the gold nanoparticle sublayers. It also 

indicates that the density of Au NPs does not generate an enhanced signal for some chemical 

groups. According to the second curve-fitting scenario, the unsaturated nitrogen groups (i.e., 

imine and nitrile), as well as the C-O group, had the largest abundance among functional 

groups. The creation of the primary amine gradient was confirmed by a clear gradual evolution 

of the C-N bond along the gradient surface immediately after ammonia introduction in the 

surface for the third and fourth coatings. The oxidated functional groups were identified in 

reduced abundance compared to the previous groups, with the carboxylic acid group having 

the least amount. 

 
Figure 87. C1s high resolution peak deconvolution on 8 different spots analysed with XPS along the 

generated 2D gradient surface based on the first scenario. The curve fitting yielded a total of 4 

underlying curves, each attributed to different functional groups. The peak assignments and 

respective quantifications are summarised in tables for a) 4 points in the low particle density zone 

and b) 4 points on the high particle density zone. 
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Figure 88. C1s high resolution peak deconvolution at 8 different spots analysed with XPS along the 

generated 2D gradient surface based on the 2nd scenario. A total of 5 underlying curves were found, 

each attributed to different functional groups. The peak assignments and respective quantifications 

are summarised in tables for a) 4 points in the low particle density zone and b) 4 points in the high 

particle density zone. 

 

5.2.2 Molecular composition of the top layer 

Besides elemental analysis, the molecular analysis was conducted on a 2D gradient to compare 

it with the reference chemistry gradient results, aiming to unravel the role of sub-layer 

conductive particles in the possible alteration of the coating or the intensity of characteristic 

fragments. Therefore, as with the XPS procedure, a total of 8 points were selected on the two 

extreme edges of the topography gradient (high particle density and low particle density), as 

well as along the width of the chip and in each chemistry gradient coating condition. 

TOF-SIMS analysis was applied on 1x1 mm2 spots on both edges of the sample and the 

spectrum obtained from the secondary ions were identified for positive and negative ion modes 

for a mass range varying between 0-300 Da, as demonstrated in Figure 89 and Figure   90 for high 

particle and low-particle density zones, respectively. Some of the key fragments with high 
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Sample identifier C- (C, H) % C-N % C-O/C=N/C ≡ N % O-C- (O, N)/(N)-C=O % O-C=O %
Position 1 63 11 19 6 1

Position 2 62 11 19 6 1

Position 3 67 8 17 6 1

Position 4 88 <1 9 3 <1

Sample identifier C- (C, H) % C-N % C-O/C=N/C ≡ N % O-C- (O, N)/(N)-C=O % O-C=O %
Position 5 68 10 17 5 1

Position 6 65 12 17 5 <1

Position 7 70 8 17 5 <1

Position 8 88 <1 9 3 <1
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intensity, which were easily visible in the current spectrum magnification are C2H
-, CN-, C4H

-

, C2N2Au- for the negative scanning and C2H5
+, CH4N

+, C4H9
+, C2H6N

+ for the positive 

scanning mode. The most intense peaks were located in the 0-60 m/z region for positive and 

negative ions, with the exception of C2N2Au-, which appeared at 249 m/z. 

 

 

Figure 89. The ToF-SIMS spectra for negative and positive scan modes performed on 4 regions of 

interest (ROI) along the chemistry gradient in the high-particle density zone. Each investigated area 

was 1*1 mm2 and was selected in the centre of the coatings. Some prominent fragments and the 

related mass numbers are assigned to the respective peaks. 
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Figure   90 . The ToF-SIMS spectra for negative and positive scan modes performed on 4 regions of 

interest (ROI) along the chemistry gradient in the low-particle density zone. Each prominent peak is 

identified by the molecular fragment and the related mass number. 
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• Chemistry variation along the length (topography gradient direction) 

To investigate the TOF-SIMS results on the topography gradient direction, the intensity of a 

fragment on each of the four coatings in the low-density region was compared to the intensity 

of the fragment in the high particle density area on the same coating (e.g., point 1 compared to 

point 5). Comparing the intensity of identical peaks in Figure 89 and Figure   90 did not reveal 

any recognisable difference which could directly account for the influence of the nanoparticle 

density gradient sublayer. Considering the peak intensities along the topography gradient, the 

only noticeable difference between the intensity of fragments between two extreme regions 

among all the detected fragments was for the gold-containing fragment C2N2Au-. This fragment 

was very abundant in the high-particle density zone as expected and the intensity of this 

nitrogen-containing fragment was amplified in parallel to the increase in the nitrogen content 

of the coating from coating 1 to coating 4.  

 

• Chemistry variation along the width (chemistry gradient direction) 

The fragments which followed the evolution parallel to the increase in the ammonia/ethylene 

flow rate ratio in discharge were tentatively selected as markers to study the nitrogen-functional 

gradient composition. After investigating the most intense peaks showing gradual contrast 

based on the acquired images, C2H6N
+, CH2N

+, and CH4N
+ were selected. TOF-SIMS images 

for the pertinent fragments, C2H6N
+, CH2N

+and CH4N
+, presented a good gradual contrast in 

the direction of increase in N% from XPS. As the CH4N
+ molecular fragment followed best the 

N% and C-N% (from XPS C1s fitting) variations along the chemistry gradient (see Figure   91 ), 

it could be regarded as a pertinent representative of nitrogen-containing groups in the coatings.  

The next prominent fragments which did not display a gradient intensity were identified at 26 

m/z attributed to CN- and 42 m/z corresponding to CNO- with high intensities. CN- and CNO- 

fragments were found to be the most abundant ions in the whole spectra showing a saturation 

in intensity with the applied analysis parameters for N-richer coatings. 

As stressed in Chapter 3 (3.4.2.2), the hydrocarbon fragments tend to be less reliable for 

drawing a conclusion about the evolution of ethylene during polymerisation therefore, while 

the gradual variation of the intensity is desirable, there is still little certainty about the origin of 

these ions. Considering the hydrocarbon fragments, the intense peaks showing gradual contrast 

were identified as C2H5
+ m/z=29 and C4H9

+ m/z=57 in positive scan mode and C2H
- m/z 25 and 

C4H
- pair at m/z=49 in negative mode. In both topography zones (the high particle density and 

low particle density) along the chemistry gradient, these fragments decreased gradually in the 
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opposite direction to the increase in ammonia/ethylene ratio in the discharge, as expected. The 

next intense spotted peak was detected in coating 4 at 249 m/z corresponding to the C2N2Au- 

fragment arising from the gold nanoparticle sublayer, which possibly formed after a gas phase 

reaction of the gold with the CN- fragment. The variation in intensity of this peak was gradual 

in the direction of the increase in ammonia in the discharge from coating 1 to coating 4. This 

fragment was not visible in low particle density spectra, as expected, due to the much lower 

abundance of gold. The increase in intensity of this fragment was not high enough to observe 

a metal enhancement effect and the significant thickness of the top polymer coating (10 nm) 

might have prevented an efficient signal enhancement. The contrast images for some fragments 

obtained from TOF-SIMS scanning on the points along chemistry gradient are presented in 

Figure 92 and Figure 93. 

 

 

Figure   91 . The TOF-SIMS signal intensities of the scanned points at low and high nanoparticle 

densities for some characteristic fragments: a) CH4N
+ and, XPS quantifications results for b) N%, 

and c) C-N% obtained from C1s deconvolution peak are plotted versus the varied ratio of ammonia 

to ethylene in the discharge, on 4 distinct corresponding coatings. 
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Figure 92. Positive mode TOF-SIMS images of secondary ion species obtained on 10×10 mm2 area 

along the chemistry gradient direction. 

 

 

Figure 93. Negative mode TOF-SIMS images obtained on a 10×9 mm2area along the chemistry 

gradient (width of the chip). 
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The fragments listed in the contrast images show similarity for the low density and high-

particle density zones, except for the two nitrogen-containing fragments, C2N2Au- (for the 

already explained reason) and NO2
-. A detailed comparison of these two fragments reveals that 

they vary in opposing directions, so that in low density regions where C2N2Au- is rare, NO2
- is 

abundant, and vice versa in high density regions. This might imply that these fragments are 

created from a single source fragment via two competing processes, which means that while 

one reaction prevails, the other is hindered, resulting in a high abundance of one and a low 

abundance of the other. Finally, while comparing two extreme zones of low particle density 

and high particle density, an intensity gradient of the C2N2Au- fragment was identified. 

Furthermore, because gold was attached to C-N, there was a parallel increase in the intensity 

of this fragment along the width of the chip (chemistry gradient direction). Also, CH4N
+, the 

primary amine fragment, could be considered the most relevant fragment. As illustrated in the 

respective micrographs, a steady variation, parallel to an increase in ammonia in discharge was 

observed for this fragment, supporting the establishment of an amino-functional concentration 

gradient. This conclusion was likewise consistent with the results of the XPS N% and curve 

fitting results (C-N%). A few more significant fragments with XPS-supporting differences 

were discovered, which, as previously mentioned, might be directly linked to the surface 

coating or may have resulted from the analysis process following fragmentation and 

recombination. 

5.2.3 Morphology of the surface before applying the top coating  

The surface topography analysis was performed using the AFM tapping mode on selected 

points along the Uni-directional topography gradient before deposition of the top polymer 

gradient coating. The objective was to compare the surface topography of coated and untreated 

particles. Despite the fact that particles appear closer together in AFM micrographs than in 

actual electron microscopy images, AFM is a viable method for characterising electrical 

insulator coatings, such as polymers. The data that we intended to extract from AFM 

topography micrographs were root mean square roughness and the roughness factor to be used 

for surface wettability interpretations. Figure 94 presents the obtained AFM micrographs on a 

1.04x1.04 µm2 area at several points along the topography gradient prior to coating with a 10 

nm nitrogen-functional chemistry gradient layer. As is evident from the particle distributions, 

a successful number density gradient was generated along the CHN template as a function of 

exposure time. Overall, there was only a modest variation in the total roughness of the scanned 

regions along the gradient coating, which never exceeded 4 nm. 
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Figure 94. AFM tapping mode topography images obtained along a 1-D topography gradient 

(without the top coating layer). The scanned region was 1.04x1.04 μm2 and the scanned points 

correspond to a) 2mm, b) 4mm, c) 6 mm, d) 8 mm, e) 10 mm, f) 12 mm and g) 14 mm from the edge. 

 

As Rq values obtained from AFM micrographs support (see Figure 95), a lower surface 

roughness was observed where the surface was covered with few particles, followed by a 

gradual increasing trend in roughness values due to the increase in the number of the particles, 

implying that more heights and valleys contributed to the surface roughness. However, after 

reaching a plateau in Rq corresponding to a point scanned at 6 mm distance from the low 

particle density zone, where there still was a high surface coverage with particles appearing 

with a moderate interparticle separation, the roughness values started following a decreasing 

trend. This was due to the fact that a further increase in the density of approx. 11 nm particles 

decreased interparticle separations, and a gradual decrease in the height of the peaks and depth 

of the valleys was recorded in AFM surface profiles. Therefore, in the extreme high-particle 

density zone, the surface appeared smoother with fewer surface waviness. As noted in the 

topography variation trend of the uncoated particles (Figure 95, the black curve), the Rq values 

followed a gaussian-like trend with a maximum value obtained at a 6 mm horizontal distance 

from the particle-free edge. After this point, the curve followed a gradual and continuous 

decreasing trend until the last scanned point.  
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Figure 95. The root mean square surface roughness variation obtained from the AFM tapping mode 

at several points along the 1-D topography gradient (black squares) and orthogonal gradient (red 

squares) is presented as a function of distance from the low particle density edge of the gradient. 

 

It should be mentioned that, due to tip convolution, the expected roughness values for the points 

scanned after the peak point (highest roughness value), when particles were becoming tightly 

packed, were quite different from the reality. This is due to nanoparticles with diameters 

considerably smaller than the AFM tip appearing larger, and the spacing between the structures 

being ignored by the tip, resulting in lower roughness values. Figure 96 depicts the described 

tip convolution effect (5). 
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Figure 96. Comparison between tip diameter and structure size. a) high particle density zone is 

affected more by tip convolution and the separation between particles can even be neglected. The 

lateral distance sensed by the tip is longer in this case. b) The low particle density zone is less 

affected by tip convolution. 

 

The following equation can be used to express the lateral length of a structure expected to be 

obtained from an AFM micrograph. (306): 

𝑑𝐴𝐹𝑀 = 2√2𝑅𝑡𝑖𝑝 . 𝑑𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒                                                                                              5.1          

As an example, for the conventional AFM tip of 10 nm curvature radius and 11 nm particle 

diameter, the AFM lateral length is equal to dAFM=14.83 nm, hence the topography analysis of 

the particles with an interparticle separation smaller than this number will suffer from the tip 

deconvolution. 

5.2.4 Morphology of the 2D gradient surface (after applying the top coating)  

The acquisition of AFM topography images was carried out along the topography gradient after 

coating the particles with a 10 nm plasma polymer top layer. The 3D micrographs obtained on 

a 1.04x1.04 µm2 area are presented in Figure 97. The micrographs recorded at several points 

along the gradient showed a considerable variation in surface topography at the first three 

points, Figure 97 (a, b and c) corresponding to i) an initially flat plain recorded at 18 mm 

distance from the nanoparticle dense edge, where the surface was particle-free; ii) the gradual 

appearance of particles and, iii) the appearance of visibly thick particles as a result of the 

increase in density and the deposition of a top coating. After Figure 97 (c), where roughness 

was at its maximum, it was hard to differentiate the thickness of the surface features when 

comparing the micrographs. Figure 98 depicts the predicted surface topography, i.e., the 

geometry of surface features and interparticle spacing, after covering the nanoparticles density 

gradient with the top plasma polymerised gradient layer. 

a) b)
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To compare the topographical properties of some scanned points for the uncoated and coated 

nanoparticles along the gradient length, and explain the roughness trend, the height profiles of 

the particles in both nanoparticle density zones were extracted as presented in Figure 99. The 

height profiles were obtained from AFM micrographs after drawing an arbitrary line along the 

surface for the two pairs of micrographs, corresponding to the 2nd and 6th scanned points for 

both the (unidirectional (uncoated) and orthogonal (coated)) gradients. Considering the total 

15 mm length for topography gradients (on a 20 mm long diced Si chips), the selected 2nd 

point was 4 mm away from the particle-free edge showing a moderate nanoparticle density and 

the 6th point was located at 12 mm from this edge showing high nanoparticle density. When 

comparing micrographs, the first observable differential point between each set of images (a 

with b and c with d) was obviously the difference in dimension of the particles from the two 

gradients. As expected, when coated with a 10 nm thick conformal plasma coating (2D 

gradient), the gold nanoparticles of 11 nm diameter clearly appeared larger than the uncoated 

particles. However, considering the cross-section view in the height profiles, the diameter of 

the coated particles was underestimated in the height profiles since in theory, the uncoated gold 

nanoparticle with an average 11 nm diameter yielded a spherical cap structure with 28.98 nm 

diameter when coated with 10 nm thick polymer (at lower density zones), which was not 

recognisable in the profiles. Also, when comparing the height of the features in the low-density 

region (Figure 99a and Figure 99b), no considerable difference between the height of the 

features was noted. This was expected since 1) The height of the features both in coated and 

uncoated particles is approximately 10 nm based on theory (compare green and red arrows in 

Figure 98). It should be reminded that, besides particles, the base plane was also coated with 

the polymer coating up to 10 nm in height and the features were measured from the base line 

in AFM studies (illustrated with red arrows in Figure 98); 2) In the high-density region (Figure 

99 c and d) as a result of fusions of the adjacent spherical caps and possibly due to the tip 

convolution effect, the height of the features decreased after being coated. Since the height of 

asperities and valleys in the height profile is directly proportionate to the surface roughness, it 

can be inferred that the surface roughness in point 6 corresponding to uncoated particles is 

higher compared to the coated particles (comparing height profiles in Figure 99 ii and Figure 

99 iii). Also, the sticking of the coating on Au nanoparticles is expected to be slightly lower 

than the sticking on the plasma polymer film (plane surface), hence, the surface mobility of the 

film-forming species may have also contributed to the observed smoothening in the high 

particle density zone. 
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Figure 97. 3D AFM tapping mode topography images obtained at several points along the 

nanoparticle density gradient after being coated with a top layer. The scanned region was 1.04*1.04 

μm2 and points were scanned every 2 mm (except for t the last point) starting from the low particle 

density edge of the sample. a) 2mm from the edge, b) 4mm, c) 6 mm, d) 8 mm, e) 10 mm, f) 12 mm, 

g) 14 mm and h) 18 mm. 

 

 

Figure 98. Simulation of separation/density gradient of 10 nm particles a) without top coating, which 

can suffer from tip convolution at higher densities and b) coated with 10 nm polymer. Fusion is 

inevitable when the interparticle distance is lowered. The difference recorded between roughnesses 

is expected to be negligible, giving rise to an almost linear trend. 

h)

a) b)

c)
d)

e)
f)

g)
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Figure 99. The 2D AFM micrographs of the a) uncoated and b) coated particles on the same scanned 

points corresponding to a low density region is presented. The height profiles extracted after drawing 

an arbitrary line on each of the surfaces are shown (i). Similarly, ( c, ii) and (d, iii) correspond to the 

AFM micrographs and height profiles of the uncoated and coated particles obtained at a dense 

scanned zones, respectively. 

 

The other important parameter extracted from the AFM tapping mode topography micrographs 

was roughness factor, which is described in detail in Chapter 2, (2.2.3). This parameter is 

mainly derived to interpret surface wettability behaviours in the subsequent sections. The 

roughness factor variation as a function of distance along the gradient is presented in Figure 

100 for the 1-D gradient (uncoated) and 2D gradient (coated). Roughness factors follow a 

similar trend with Rq variation (shown in Figure 95) with the difference that for uncoated 

particles, the maximum roughness factor value was achieved at 8 mm while for coated 

particles, the peak value appeared at 6 mm from the particle-free edge (low density zone). This 
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difference is attributed to the intrinsic difference between the roughness root mean square value 

and roughness factor as two distinct parameters that consider different surface attributes.  

 

Figure 100. The roughness factor variation obtained from the AFM tapping mode on 1-D (black 

squares) and the orthogonal gradient (red squares), along the topography variation direction, is 

presented as a function of distance from the low particle density edge of the gradient. 

 

 

5.3 Properties of the 2D gradient: Wettability of the surface 

The static water contact angles were measured on the 2D gradient at several points along both 

gradient directions (chemistry gradient and topography gradient), as presented in Figure 19. 

Here, unlike the unidirectional topography gradient (uncoated particles), a water droplet placed 

on the surface touched a homogenous chemistry surface, which was roughened by the sublayer 

nanoparticles. Relying on this fact and the overall lower roughness values obtained on the 2D 

gradient compared to the uncoated sample (as demonstrated in Figure 101), the wettability is 

expected to be mainly impacted by the surface chemistry of the top-coating. Here, the 

observations from the wettability of the 2D gradient are summarised as: 

i) The first three plasma coatings displayed a very similar wettability behaviour with 

no recognisable variation between the three coatings. However, the last coating 

deposited with high plasma pressure showed remarkably higher hydrophilicity.  
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ii) The highest particle density region scanned on each of the 4 coatings, consisting of 

the chemistry gradient, showed higher WCA values (lower hydrophilicity), 

especially for the first plasma coating, which was deposited without ammonia; a 

total variation of 11.9° was observed along the topography gradient. 

Briefly, along the chemistry gradient direction, the highest wettability was recognised only for 

the last coating (coating 4), which had the highest hydrophilicity, and in the topography 

gradient direction, the last point scanned on the densest zone displayed the highest 

hydrophobicity. As previously practised with the unidirectional topography gradient (uncoated 

particles), it was attempted to model the wettability behaviour of the 2D gradient against 

variation of the nearest neighbouring distance (NND) between particles. As clearly proven in 

AFM micrographs, the conformal plasma coating with approx. 10 nm thickness retains the 

morphology of the particles after being deposited. Therefore, spherical particles (or more 

precisely, the spherical cap) with bigger dimensions and a closer interparticle gap are expected. 

And, since the surface roughness (Rq and r) declined overall in the 2D gradient, the Cassie-

Baxter regime was unable to describe the wetting properties, therefore, a theoretical model was 

developed considering the full exposure of the surface structures to liquid, and the Wenzel 

regime was used for the modelling. Calculations and further details of the developed model are 

provided in Chapter 2 (2.2.4.2.2). Briefly, the following equation was developed for the 

NND≥20 nm: 

 

𝑟 =
𝜋𝑅′2

(1 − cos 𝛽)2

(𝑆 + 2𝑅 sin 𝛽)2
+ 1                                                               2.32  

After replacing β= 73.12° and R‘=15.5 nm, the equation was simplified as: 

          𝑟 =
370

(29.5+𝑠)2 + 1                                                                      5.1                                            

With this equation and assuming r=1 for 10<NND<20, the theoretical roughness factor curve 

as a function of NND and NND’ (for the coated particles) was obtained and the respective 

curve is presented in Figure 102. Here, the model indicates that the highest surface roughness 

belongs to the region on the surface where gold nanoparticles were immobilised with 20 nm 

interparticle distance, which led to the formation of tangential (not overlapping) spherical caps. 

The points before and after this peak point presented lower variation slope. To make processing 

the complicated geometrical structures simpler, the roughness factor was fixed at 1 for the 
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points before the peak value, assuming a smooth surface due to a higher degree of overlapping 

between the formed spherical caps (see Figure 98b). The minimum gap possible between the 

particles that enabled the structures to overlap was 10 nm. The points after the peak roughness 

factor point followed an equation in which the height of the generated spherical cap was a fixed 

value, and the only variable parameter was the distance between particles (NND) and 

accordingly, the gap between the spherical cap structures (s).  

 

 

Figure 101. The static WCA values obtained at points along both the chemistry and topography 

gradients. There are four sets of data, each corresponding to one coating condition on the 

chemistry gradient. The red arrow shows the direction of the increase in particle density or 

decrease in interparticle gap. The WCAs are recorded every 2mm with automatic stage movement. 

The volume of the droplet was adjusted to 0.3 μl.  

 



222 
 

 

Figure 102. Theoretical roughness factor obtained by modelling the geometrical features of the 

orthogonal gradient surface as a function of both the NND between uncoated nanoparticles and 

the separation between coated structures (s). The peak in roughness factor value corresponds to 

20nm NND and approximately 13 mm from the dense edge of the topography gradient. 

 

Based on the Wenzel equation, the highest roughness on hydrophilic material generates the 

lowest water contact angle and highest hydrophilicity. Therefore, it was expected that the 

highest hydrophilicity value would be attained in the region where the average NND was close 

to 20 nm (i.e.,13 mm distance away from the denser edge and close to the end of the topography 

gradient) on the coating 4. On the other hand, based on the experimental roughness values, the 

peak value for surface roughness was found at 14 mm from the high-density edge, which was 

not far from the predicted value from the roughness factor model. To obtain the theoretical 

wettability trend as a function of s, the theoretical r from eq 5.1 and θ from intrinsic wettability 

values were placed in the Wenzel equation: 

 

𝜃∗ = cos−1 ((
370

(29.5 + 𝑠)2
+ 1 ) cos 𝜃)                                             5.2          

 

The expected WCA curves for each coating on the 2D gradient and the experimental values 

are presented in Figure 103 for comparison. It should be considered that to calculate the 

theoretical curves, WCAs obtained on the low-particle density zone of each coating, where the 
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surface was supposed to be almost smooth, were replaced in equation 5.2. The reason for taking 

these WCAs as intrinsic values in the Wenzel equation is that 1) there is no commercially 

available bulk representative material for this coating to be investigated for intrinsic WCAs; 2) 

reference chemistry gradient as presented in Chapter 3 demonstrated high values of oxygen, 

i.e. more than twofold, and since oxygen groups are more effective at increasing wettability 

than nitrogen groups, the observed WCAs or the reference coatings make them unsuitable for 

use as intrinsic WCA values.   

The x axis of the two set of plots (NND and the distance along the sample) in Figure 103a is 

coherent and increases in the same direction. This means that moving along the x position 

shows an increase in particle density and decrease in the interparticle distance.  The 

experimental results showed a minor variation in wettability values, which was in accordance 

with the theoretical curves. Overall, a declining trend with a shallow slope was observed as it 

moved to the low particle density zone, however, contact angles never exceeded 70° for either 

set of curves. Given the measurement errors, the experimental values did not follow the 

theoretical trend; hence, with the exception of the first point, values did not vary and the critical 

point with the lowest WCA values was not obvious. This makes sense for such a small 

magnitude of variation predicted by the theoretical model. The critical WCA values on the 

theoretical curves correspond to the highest r value, when the interparticle distance reaches 

20nm NND; after this point, the WCAs rise with a slower transition. The minimum wettability 

achieved in the 20nm interparticle gap corresponded to approx. 13 mm distance from the 

densest end of the gradient, as had been obtained previously based on the experimental 

calculations on the unidirectional topography gradient.  

It can be concluded that while the 2D gradient leads to the gradual alteration of wettability as 

the third surface property, the trend does not follow a gradual evolution as seen for each 

individual unidirectional gradient. To improve this trend, the thickness of the top coating must 

be optimised, meaning that once the overlapping between the coated structures was minimised 

and the topography was kept similar to 1-D topography gradient, the effect of the chemistry 

gradient on surface wettability, as the second dimension, can manifest better. However, the 

disadvantage of the thinner amino-functional plasma polymerised top-coating is the instability 

in aqueous media (e.g., for biomolecule immobilisation, etc). The counterbalance between 

stability and surface topography factors would ensure the generation of a successful wettability 

gradient by the orthogonal combination of the chemistry and topography gradient while 

maintaining the surface functional groups for intended applications. The second cause of 
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deviations from the theory as pointed out before is an inherent random distribution of the 

particles, which can be circumvented by developing ordered surface structures. In this regard, 

lithography etching techniques for fabricating highly ordered surface structures can be helpful 

however, the time and costs of the experiment, as well as the requirements for high throughput 

for developing few nanometre scale surface structures, would counterbalance the advantages. 

 

  

Figure 103. a) Theoretical WCAs obtained using the model developed for the surface roughness 

factor. The values are for the 2D gradient along the topography direction and as a function of 

border-border distance (for uncoated and coated) are presented; b) The experimental static WCAs 

recorded at several points along the 20 mm sample length (right panel) are compared to the 

corresponding theoretical WCAs versus the border-border gap between the particles (left panel).   
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5.4 Conclusion and perspectives 

In this chapter, a simple and versatile surface modification approach was demonstrated, which 

combines two gradually varying distinct surface properties to form an orthogonal surface 

gradient. The generated gradient utilises the synergistic effect of both variables to create a 

biointerface that allows for high throughput screening and optimisation. As previously stated, 

surface chemistry and topography both trigger and initiate biological processes, allowing for 

either screening or driving a biological phenomenon, or even sorting a biomolecule of choice 

that responds selectively to specific surface variables out of a pool of many biomolecules. The 

chemistry and topography characterisations demonstrated the successful integration of both 

unidirectional gradients and the wettability feature of the resulting 2D gradient were studied 

for prospective applications. According to the surface chemistry characterisations, the presence 

of the underlying gold nanoparticle seemed to have no considerable effect on the surface 

chemical composition when compared to the coating deposited on the Si substrate, confirming 

that the same surface chemistry as for the unidirectional chemistry gradient was retained. The 

topography of the surface altered as expected after coating it with the top layer, with overall 

lower roughness compared to the unidirectional nanoparticle density gradient. Additionally, 

the wettability variation scale of the coating considerably declined when compared to the 

wettability variations of the incorporated unidirectional gradients. 

The distinctive feature of the amino-functional coating was the enhanced stability in aqueous 

conditions, and since the stability is affected by the thickness of the bilayer coating (i.e., 

thickness of the crosslinked bottom layer), a future challenge could be optimising the thickness 

of the chemistry gradient to benefit from the plasmonic feature of the underlying gold 

nanoparticles, e.g., SERS signal enhancement, while maintaining the stability. Meanwhile, the 

wettability variation span of the top coating could be expanded through the optimisation of the 

coating thickness because, as the total coating thickness decreases, the topography effect 

becomes dominant on the wettability of the surface. 

Finally, multigradients are thought to represent the next generation of gradients, with increased 

applications in the biomedical area. So far, the focal point of most reported 2D surface gradient 

investigations has been cell-surface interactions in the interplay of topography and chemistry 

(158, 159, 307). The influence of surface wettability on cell behaviours, an intrinsic outcome 
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of surface roughness and chemistry variations, is also considered in these studies. Aside from 

cell studies, the 2D gradient of the chemistry gradient combined with plasmonic nanoparticle 

gradients has the potential to be utilised in the development of plasmonic biosensing and 

bioimaging platforms (150).  
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Chapter 6:  Conclusion and Future Outlook 

In this work, initially the fabrication and characterization of unidirectional chemistry and 

topography gradients were presented. After validating the approaches, possibility of 

developing an orthogonal combinational of two independently varying chemistry and 

topography gradients based on the validated approaches was explored. 

In chapter 3 based on the first approach to develop unidirectional chemistry gradients, a fast 

and economic way of optimizing surfaces was introduced. The surface modification was started 

from single static depositions, searching for optimum plasma parameters, and once confirmed, 

the atmospheric pressure corona jet was programmed to deposit a plasma polymerised 

continuous coating with gradually varying surface chemistry. For this, HMDSO precursor was 

polymerised by keeping HMDSO monomer flow rate constant while gradually increasing the 

oxygen admixture during jet movement along the PE substrate. A large surface chemistry 

variation was demonstrated based on FTIR spectra and WCA results showing a gradual 

transition from PDMS-like polymer to glass-like polymer. 

The comparison between characterisations of the statically deposited and dynamically 

deposited coatings revealed good similarities in chemistry, wettability and surface topography 

(roughness) between both set of coatings however, demonstrating a more gradual transition 

between the surface variables in dynamically deposited coating compared to the statically 

treated coatings. Wettability variation of the surface was affected by the deposition conditions 

(static and dynamic) under identical plasma parameters, especially at higher oxygen admixtures 

which was attributed to the mixing of ambient air and dilution of plasma gas during jet 

movement which rendered lower hydrophilicity (higher WCA) at the most oxygen-rich coating 

compared to almost full wetting recorded for the static deposition condition. Additionally, 

higher roughness and WCA values were recorded for the dynamically deposited coating 

compared to the static depositions ,70 vs. 35 nm of roughness and 110° vs. 80° of WCA. 

In summary, the gradient coating was obtained on PE substrate along several cm (approx. 10 

cm) and width of 2 cm, demonstrating roughness variation of 10-70 nm and wettability 

variation of 110°- 40° WCA. Finally, the applicability of treating heat-sensitive materials (e.g. 

PE) was demonstrated with atmospheric pressure corona jet. The future challenge could be 

addressing the lateral resolution of the discharge by advancements in the instrumentations of 

plasma technology. 

Later, using a different plasma technology, a mask-assisted four-step (non-continuous) 

approach was introduced aiming to obtain high control over deposition conditions, a lower film 

thickness, and smoother coatings with distinctive feature of high stability in aqueous media. 

The deposition parameters were inspired from previous extensive attempts (106, 247, 248) to 
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develop nitrogen-rich and amino-functional coatings. For this, a, manual masking agent was 

designed which allowed generating gradient with four distinct coating, which could generate 

20 gradient samples after each successive deposition processes. As a monomer, ethylene was 

introduced with constant flow rate inside the deposition chamber of the low-pressure CCP 

plasma, while ammonia admixture was gradually increased in the discharge during the four-

step deposition process. The functionality of the surface and degree of crosslinking was mainly 

adjusted by tuning plasma electrical parameters (power input) and the precursor flow rate ratio 

(ammonia/ethylene). The treated region was 1x2 cm rectangular Si chip, and the gradient was 

developed along 1 cm width of the chip. Characterisations demonstrated 0.7%-13% variation 

of elemental nitrogen [N%], and a WCA variation of 79° to 33° with negligible surface 

roughness variation. The elemental oxygen was dramatically increased parallel to increase in 

nitrogen-content reaching up to approx. 17%. On the other hand, the limited degree of the 

nitrogen-incorporation seemed to be due to the nature of the employed non-polymerisable gas, 

i.e., ammonia, since applying higher ammonia admixture as well as doubling the chamber 

pressure did not lead to a higher incorporation of nitrogen inside the polymer. Besides the 

higher rates of ammonia has proved the chemical and physical etching effect, decreasing the 

deposition rate. The future challenge could be conducting a systematic study of the plasma 

polymerisation of ethylene with various nitrogen-containing gases aiming to minimise etching 

effect and increase the incorporation of nitrogen (and likely primary amine) based on the same 

bilayer water-stable design to also establish a counterbalance between the increased amine 

content and stability in water media. Due to high impact of oxygen content in surface 

wettability properties, the next challenge could be controlling the maximum incorporated 

oxygen inside the coating and ideally achieving a reproducible oxygen content. 

In chapter 4 a versatile and flexible experimental strategy capable of delivering gradients of 

various length and slope was introduced. The gradient generation was conducted benefitting 

from a compact and user-friendly unsophisticated design and a setup with a contained 

environment that limited evaporations or interferences during the process.  Using the design, 

unidirectional stochastic and periodical nanoparticle and nanocluster density gradients were 

introduced. Additionally, using the same experimental strategy, in situ growth of nanoparticles 

were conducted to achieve a size gradient of periodical domes. A total three surface chemistries 

of different classes, Self-assembled monolayer, plasma polymerised thin film, and block 

copolymer templates were generated as platforms for gradient formation. The primary strategy 

was to obtain an approximation of surface coverage versus time of incubation using QCM-D 

to monitor surface-precursor interactions, which was implemented before gradient 

experiments. Accordingly, the time that allowed maximum surface coverage was employed as 

a control factor to develop the desired surface variation. In the next step, a volumetric speed 

https://www.sciencedirect.com/topics/materials-science/thin-films
https://www.sciencedirect.com/topics/chemistry/copolymer
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was defined by having the time of saturation, the volume of the chamber (where chip was 

vertically placed) and the intended total gradient length. The volumetric speed was then 

adjusted to a precise microfluidic pump, which drop-wisely transferred the precursor (whether 

nanoparticles, or salt solution) in the sample chamber allowing the solution to gradually rise 

inside the chamber for the defined time of incubation.  The control over the speed was 

translated into linear variation of the contact duration of the surface with the precursor. 

The generated gradients were evaluated for surface topography, and the surface coverage as a 

function of distance along the gradient agreed well with the Langmuir-Freundlich isotherms. 

Finally, the potential of the developed gradients for SERS applications were investigated. For 

the gradient generated on aminosilanes, the densest region exhibited considerable SERS 

signal however, no substantial peak rise in the fingerprint region was noticed up to this point. 

However, nanocluster density gradient formed on copolymers demonstrated a satisfactory, 

gradually varying SERS response suggesting the potential application of this gradient for SERS 

optimisations. On the other hand, a 7-fold increase in SERS signal for densest region was 

observed for nanoparticle density gradient formed on plasma polymer layer as compared to 

the maximum signals found for the previous two gradients. However, SERS was diminished 

at some points not showing a continuous variation in intensity. This could be looked into 

further for any clues that SEM analysis did not reveal. Finally, the gold domes size gradient 

did not show any signal improvement, however, as the periodicity was constant, the periodical 

arrays of domes could be optimised for the proper periodicity for future SERS studies.  

In chapter 5 an orthogonal gradient of chemistry and topography were introduced benefitting 

from the two previously investigated gradients. The surface exhibited the same chemistry as 

the unidirectional reference gradient with no compositional variation caused by the gold 

nanoparticle sublayer. The resulted wettability variation was different with considerable 

decrease in the variation scale, which was accounted for the roughness and morphology of the 

coated nanoparticles. Optimizing the thickness of the top coating is expected to increase both 

the surface wettability variation scale, which is mostly affected by topography, and the 

plasmonic effect of the underlying plasmonic gold nanoparticles. However, since the thickness 

was adapted to ensure the stability of the amino-functional coating in aqueous environment, 

finding a good counterbalance between the stability and the gradient properties is expected to 

be a challenging task. Once the thickness is optimised, the presented orthogonal gradient can 

be utilised not only for optimising cell-surface interaction but also for optimisation of 

plasmonic biosensing platforms. 
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