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Abstract 

In order to manufacture novel synthetic materials for use in biological 
applications, the continuous interactions over the materials interface 
must be thoroughly understood. It is difficult to develop all-encompassing 
descriptions of the multifaceted and dynamic character of these 
interactions and such conclusions elude scientists to date. Mammalian and 
bacterial cells react to physico-chemical properties of their surroundings. 
Such properties include a.o. surface energy, wetting, topography, and 
stiffness. Using materials with a controlled physico-chemical character, 
cells can be influenced through controlled interactions. Disparate 
responses driven by different materials have been observed — such as 
changes in adhesion, spreading, viability, morphology, division, and 
phenotype.  
 
In this work different latex polymers were used to produce 
nanostructured surfaces with a controllable physico-chemical character, 
which was profoundly parameterised. The intent was to investigate how 
the character of the surfaces would influence Staphylococcus aureus 
bacterial biofilms as well as mammalian cells, specifically human dermal 
fibroblasts (HDF) and cervical cancer cells (HeLa). Cellular viability as 
well as the content and structure of the extracellular matrix or the 
biomatrix were used as measures of biological responsivity. In the 
bacterial studies, the responses of S. aureus to the surfaces were also 
compared in two different assays. 
 
Surface properties, such as the peak and valley structures, influenced the 
viability of S. aureus and the polysaccharide contents of the bacterial 
biomatrix. Furthermore, these biofilms were influenced differently by the 
surface properties in the different assays. Another novel finding was that 
surface properties (and assay) can influence the S. aureus surface 
proteome. The amount of several virulence-associated proteins on the 
bacterial surface could for the first time be correlated with surface 
roughness parameters. 
 
Mammalian HDF and HeLa cells responded differently to the surface 
nanotopography and surface chemistry. The viability of HeLa cells was 
influenced by e.g. the surface chemical character of the surfaces, but the 
viability of HDF cells was not influenced. An increasing amplitude of 
topographical peaks and valleys both increased the HDF viability, but the 
viability of HeLa cells was primarily benefited by a valley-dominated 
surface topography. 
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These surfaces were applied in an affordable, tailorable, paper-based 
planar diagnostics platform. The processability of the platform was 
demonstrated by using it both in a materials study and a drug screening 
study. In the studies, both the material and the drug were applied onto the 
platform with up-scalable methods. The analysis was done 
colorimetrically with an office scanner and a custom software. The results 
proved to be of comparable reliability with studies done in commercial 
well-plates and analysed with advanced plate readers. 
 
This work shows that by using an extensive selection of surface 
parameters their individual influence on cells can be decoupled. Further, 
it shows that significant variations in different bioresponses can be 
observed when cells are grown on surfaces with nanoscale topographical 
differences. Such surfaces can be used to develop accessible, reliable and 
low-cost diagnostics platforms. The knowledge obtained can be used to 
develop novel materials for bio-applications, e.g. biomedical surfaces, 
where bacterial and cellular interactions with or via the material, e.g. 
fomite transmission, must be controlled. 
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Svensk sammanfattning 

För att tillverka nya syntetiska material för användning i biologiska 
tillämpningar måste de evinnerliga interaktionerna över det biologisk-
syntetiska gränssnittet förstås i grunden. Denna mångfacetterade och 
dynamiska samverkan gör detaljstudierna svåra att tillämpas i alla 
situationer, och allmänna slutledningar om samverkan mellan cell och 
material svåra att dra. Mammalie- och bakterieceller reagerar på 
omgivningens alla fysikalisk-kemiska egenskaper, så som ytenergi, 
vätning, topografi och styvhet, osv. Genom att tillverka material där dessa 
egenskaper justeras kan man kontrollera eller påverka celler. 
Mångskiftande materialdrivna responser har mätts hos celler — allt från 
ändringar i adhesion, spridning och viabilitet till morfologi-, föröknings- 
och fenotypsförändringar.  
 
I detta arbete har olika latexpolymerer använts för att tillverka 
nanostrukturerade ytor med intressant och kontrollerbar fysikalisk-
kemiska karaktär, vilken parametriserades ingående. Målet var att 
undersöka hur variationer i ytornas fysikalisk-kemiska ytegenskaper 
påverkar Staphylococcus aureus biofilmer, mammalie- och bakterieceller, 
specifikt mänskliga hudfibroblastceller (HDF) och livmodercancerceller 
(HeLa) respektive. Som biologiska mått på cellernas respons användes 
viabilitet, samt den extracellulära matrisens eller biomatrisens struktur 
och innehåll. I bakteriestudierna jämfördes också S. aureus’ responser till 
ytorna i två olika bakterieodlingsmetoder.  
 
Ytegenskaper som t.ex. topp- och dalstrukturer påverkade S. aureus-
biofilmernas viabilitet och biomatrisens polysackaridinnehåll. Den 
inverkan som ytegenskaperna hade på biofilmerna visades även variera 
beroende på odlingsmetod. En ny upptäckt var också att bakteriernas 
ytproteininnehåll påverkades av både ytegenskaper och odlingsmetod. 
Mängderna av flera av dessa virulensassocierade proteiner kunde för 
första gången korreleras med ytråhetsparametrar. 
 
HDF- och HeLa-cellerna påverkades på sinsemellan olika sätt av ytornas 
nanotopografi och ytkemiska egenskaper. Exempelvis påverkades HeLa-
cellernas viabilitet noterbart av ytornas kemiska karaktär, medan HDF-
cellernas viabilitet påverkades ej. För de erhållna ytnanostrukturerna 
verkade HDF-cellerna gynnas av både dominerande topp- och 
dalstrukturer med högre amplitud. Dominerande dalar med ökande 
avstånd mellan ytstrukturer verkade däremot främst gynna HeLa-cellerna. 
 
Dessa ytor tillämpades i en förmånlig och anpassningsbar planär 
pappersbaserad diagnostikplattform. Plattformens processerbarhet 
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demonstrerades genom att använda den i en materialstudie och en 
läkemedelsutvärderingsstudie. I bägge applicerades material och 
läkemedel i plattformen med metoder som lämpar sig för storskalig 
produktion. Analys skedde kolorimetriskt med en kontorsscanner och 
skräddarsydd mjukvara. När resultaten jämfördes med parallellstudier 
från en kommersiell plastbrunnsplatta som analyserats med 
konventionella, avancerade plattläsare visade sig resultaten ha jämförbar 
tillförlitlighet.  
 
Detta arbete visar att ett omfattande urval ytparametrar kan användas för 
att frikoppla olika ytegenskapers påverkan på celler. Ytterligare visas att 
redan topografiska skillnader på nanoskala kan driva signifikanta 
variationer i olika bioresponser. Dessa ytor kan användas för mycket 
processerbara diagnostikplattformer, som trots enkla metoder kan ge 
tillförlitliga resultat. Resultaten från dessa studier kan utnyttjas för att 
utveckla nya material för biotillämpningar, t.ex. biomedicinska ytor där 
bakterie- och cellinteraktioner med eller via materialet måste kontrolleras. 
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1. Introduction 
The cell is a basic building block of life. In fact, bacteria, autonomously 
functional prokaryotic cells, were among the first living organisms on this 
planet (‘prokaryotic’ indicating them lacking a nucleus, contrary to the 
eukaryotic cells) [1]. Today bacteria can be found almost everywhere. 
Fortunately, they are mostly harmless, and some have even formed a 
mutualistic relationship with us humans. Unfortunately, some other bacteria 
are rather pathogenic and can cause infectious, potentially terminal, diseases. 
[2]. In these cases, the bacteria are transmitted from a reservoir, fomites 
(inanimate intermediate transmission points), animal carriers (in the case of 
zoonoses) or food to the host [2]. Bacterial infections are cured by bactericidal 
or bacteriostatic antibacterial pharmaceutics, the former outright killing the 
infecting bacteria and the latter merely inhibiting their reproduction [2]. A 
global healthcare issue is the ever-growing presence of bacterial strains 
resistant to available antibiotics. Novel antibiotic agents that can evade the 
resistance are thus highly sought for. One way to alleviate the situation could 
be to prevent infections where possible, by reducing cofactors (e.g., pollution), 
eliminating the source of infection, or by stopping the chain of transmission, 
for instance with antibacterial materials [2]. Such materials could be used e.g. 
in implant materials, medical surfaces or food packaging. 
 
Eukaryotic cells are more advanced than bacteria. They sense and adapt to 
their surroundings, as well as communicate with each other, and ultimately 
form the functional, cooperative groups that are our living tissues and organs. 
A key component in this sensing and communication is the extracellular 
matrix (ECM), which is a complex arrangement of gathered and excreted 
biomolecules [3].  Through the ECM, biomechanical cues are transformed into 
biochemical signals and vice versa. These cues and signals stir the clockwork 
of the biological system into motion and regulates activities on the cellular 
and organ level — driving physiological functions and tissue regeneration. 
Injury or disease might disable or limit this function. In such a case benefits 
can be gained with the aid of biomaterials and -devices to support the 
regenerative process or bodily functions in lieu of a damaged organ [3].  
 
Materials designed to interplay with bacterial and mammalian cells make use 
of the cellular nature to sense and react to their surroundings. This response 
has been observed to occur on the molecular level and it depends on the 
physico-chemical character of the surroundings of the cells, including 
material surface chemistry, topography and stiffness. Even singular functional 
groups in the material can influence the cells. As varied as the drivers of the 
biological responses are, so are the different responses. The material interface 
does not only influence the initial adhesion, but the complete cellular lifecycle, 
including reproduction and migration, and can even induce apoptosis.  
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Proteins are key players in the adsorption process of both microbial and 
mammalian cells. These macromolecules can facilitate transport in and out of 
the cells, drive changes, as well as transmit and transduce information, i.e., 
regulate. Proteins accumulate on the surface before the cells, and thus the cells 
encounter a protein-modified surface. The protein adsorption process is also 
dependent on the physico-chemical properties of the surface. In fact, the 
surface character and its heterogeneities can influence the amount and 
conformation of proteins being adsorbed onto the surface, as well as their 
activity, i.e., how their presence contributes to cell adsorption [4]. Protein 
adsorption is ultimately dependent on the physico-chemical properties of 
both the surface and the adsorbate proteins. 
 
The large number of proteins together with specific characteristics of 
different cells has made wider and general conclusions elusive. Further, the 
response may vary between stages of cellular attachment, e.g., from initial cell 
adhesion to the stage where a biofilm (groups of bacteria that protect 
themselves and communicate with the ECM) or a confluent layer of cells (a 
complete monolayer of mammalian cells) has formed. 
 
Decoupling the response at biological interfaces requires a set of materials 
with systematically varied and controlled surface character. Of utmost 
importance is the versatile description of the surfaces, since a detailed 
parametrisation of the system would enable universal comparisons between 
results from various studies [3].  
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2. The objectives of the work 
In this work, a set of nanostructured polymeric surfaces was developed for 
use as a growth substrate for cells and bacteria, and their functionality as such 
was studied. In particular, the dependence of the biological response on 
surface topography and surface energy was studied. The work focused on the 
response of mammalian cells (specifically Human Dermal Fibroblast cells, 
HDF, and HeLa cervical cancer cells, HeLa) and bacterial biofilms 
(Staphylococcus aureus).  
 
The main research objectives were the following: 

• To regulate the biofunctionality of cells and microbial biofilms with 
surfaces with a controllable nanotopography.  

• To decouple the influence of surface chemistry and surface roughness 
on the biological response. 

• To use a detailed surface parametrisation for improving the 
understanding of cell-surface interactions. 
 

HDF and HeLa cell viability as well as S. aureus biofilm formation, biofilm poly-
N-acetylglucosamine abundance and surface proteome composition were 
correlated with surface properties of the growth substrate (Paper I, Paper II). 
The base substrate for the latex coatings in these studies was borosilicate 
glass coverslips.  
 
In Paper III, the utility of the biofunctional films was demonstrated by 
deploying them in a sustainable paper-based screening platform, which was 
used for a basic cell study as well as for proof-of-concept drug screening. The 
used cell-lines were again HDF cells and HeLa cells. The model drug was the 
anti-cancer drug doxorubicin.  
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3. The conceptual background of adhesion  

The adhesion of particle to a surface begins with it, the adsorbate, 
approaching the sorbate. As the adsorbate moves closer to the surface the 
interaction force increases, reflecting the chemical and physical character, 
such as surface energy and topography, of both the adsorbate and the surface. 
For particulate materials, the interactions have been described by theories 
such as the DLVO theory and the extended DLVO theory.  
 
While much effort has been put into trying to model and control cell-material 
interactions, and much data has been obtained, a complete understanding of 

this complex process remains elusive [5]. Ironing out the physico-chemical 
mechanisms driving the relationship between surface character and 
biological response would be immensely valuable and would expedite the 
development of novel materials for a broad variety of applications such as 
implants, biosensors, protein fermentation, food packaging and cell-studies.  
 
In this literature overview the use of physico-chemical theories for describing 
the foundations of adhesion and, finally, interactions between biological 
entities and surfaces are reviewed. Furthermore, the influence of surface 
properties, in particular surface chemistry and topography, on protein 
adsorption, microbial adhesion, and biofilm formation as well as mammalian 
cell responses to surfaces is discussed.  
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3.1 Surface topography 

Ideal surfaces are homogeneous in all aspects, which for surface topography 
means perfectly flat. Real surfaces, however, always have some heterogeneity, 
regardless of the production technique [6]. Surface topography can affect 
adhesion, and it also influences the surface energy. These relations will be 
discussed separately later. 
 
Surface topography affects the performance of the surface. For example, in 
tribology it relates to friction and wear, in printing it relates to ink setting and 
print quality, and in bioactive surfaces topography affects the interaction 
between the biological components and the surface. Topographical textures 
can be divided into form or lay, which are results of material processing, 
waviness and roughness, ordered from larger features to smaller [6]–[8]. Even 
surface flaws can be considered as a separate texture [6]. Form usually has 
little impact on wetting, while roughness can significantly alter it and is used 
as a driver for super-hydrophilicity and -hydrophobicity. The exact 
boundaries between form and roughness are not well defined. Especially from 
the perspective of tribology, waviness has been considered a feature caused 
by errors in processing and possibly the imaging technique, whereas 
roughness is a property of the material, which also can relate to 
manufacturing. How exactly waviness and roughness can be distinguished 
from each other is also up for discussion [6]–[8]. 
 
 

3.1.1 Measuring surface roughness 

Typically, roughness is analysed by means of a profilometer. This can be a 
stylus instrument, to which scanning probe microscopes belong, or an optical 
instrument. Atomic force microscopy (AFM), a scanning probe microscope, is 
a focal point for this thesis in respect to surface imaging and roughness 
analysis. AFM is based on a pointed probe attached to a pliable cantilever, 
which is continuously probing the surface along a sweep line of a surface, 
while simultaneously recording its height position when in contact with the 
surface. A change in height position causes a change in the deflection of the 
cantilever, which is measured by monitoring changes in reflection of a laser 
beam from the cantilever with a photodiode (Figure 1). The instrument then 
adjusts the height position of the sample surface with the piezo unit of the 
scanner, so that the laser reflection becomes re-centred on the photodiode. A 
3-dimensional image of the surface is obtained as the controller collects these 
height adjustments (z-direction) for each position in the xy-raster. 
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Figure 1 — A basic schematic of the AFM instrument, showing the laser being 
reflected from the cantilever to a photodiode. The signal is interpreted by the 
detector of the controller unit, which can adjust the sample position with the 
piezo of the scanner (PZT) as needed, based on the feedback. Figure from the 
public domain [9].  

 
A captured image consists of discrete measurement points at intervals over 
the measurement length scale, the raster. Obviously, the raster size 
determines the image resolution [10]–[12]. The tip shape and size also affect 
the resolution (Figure 2) [13]. This is called tip convolution, which is 
especially influential when measuring high aspect ratio features [14]. Also, the 
instrument can poorly resolve cavities and overhangs of a surface (Figure 2B).  
The superimposed length scales of roughness that together form the 
topography of the surface can also cause a resolution dependence of some 
parameters [6]. As such, the length scale, the resolution, and the probe should 
be critically considered when comparing results from different sources. 
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Figure 2 — (Right) A scanning electron microscope image of a typical, 
cylindrical, AFM tip in 1000x magnification, (CC BY-SA 3.0) [15], [16]. (Left) 
Illustration of how surface features (green) are misinterpreted (dashed line) 
relating to (A) the tip geometry and (B) surface overhang and cavities. 

 
Despite these limits, AFM-based techniques provide a utility by not only 
imaging the topography but also being capable of measuring tip-surface 
interactions. The quintessential AFM mode images the surface by maintaining 
constant contact with the surface (contact mode). This is usually done at 
constant force, with the risk of deforming a sensitive or soft sample. In the 
intermittent-contact mode (colloquially ‘tapping mode’) the tip is oscillated at 
near-resonant frequency of the cantilever, and the tip ‘taps’ the surface once 
per oscillation cycle. This practically eliminates the lateral tip-sample 
interaction (friction) during the measurement, and more fragile samples can 
be imaged [17], [18]. In this case, also the phase angle of the oscillating 
cantilever interacting with the surface can be recorded, resulting in a phase-
shift map, attributed to variations in tip-material interaction properties such 
as adhesion, stiffness and viscoelasticity [17].  
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Figure 3 — Illustration of the force-separation plot and the material data that 
can be obtained from it, like the A. stiffness and adhesion as well as B. modulus 
and energy dissipation, the energy lost during the tip-sample interaction. 

 
Investigating force-distance plots (Figure 3), which show the deflection of the 
tip as it is brought into contact with the sample and then retracted, can give 
more information about the surface. If the spring constant and deflection 
properties of the tip are known the stiffness of the sample (the slope of force-
separation plot in the contact region) and the adhesion between sample and 
probe (maximum negative force during retraction) can be determined (Figure 
3A). In case the contact geometry and elasticity are properly accounted for 
(see Section 3.5 for such models) even the elastic modulus can be obtained 
(Figure 3B) [19]. Current state-of-the-art operation modes utilise Peak Force 
QNM™ (Quantitative Nanomechanical Mapping) and can determine these 
parameters during imaging at high speeds [20]. Peak Force QNM™ can control 
the force down to a pN level, even in liquid [19]. The utility of the Peak Force 
QNM™ mode is well illustrated by its appearance in over 4000 peer-reviewed 
scientific publications during its first 10 years of use [21].  
 
In addition to mechanical and rheological properties of a sample, also 
electrical and chemical properties can be investigated with the same 
instrument in a single or multiple pass. Examples include Kelvin probe force 
microscopy (KPFM) for surface potential [22] and conductive atomic force 
microscopy (C-AFM) [23], which provide useful tools for e.g. photovoltaics 
research. Recently AFM has been combined with high-resolution 
spectrometers and microscopes combining complementary techniques to 
serve scientific fields from palaeontology to molecular cell biology [24], [25]. 
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3.1.2 Surface roughness parameters 

Surface roughness is typically determined as height variations relative to a 
reference plane and is usually divided into groups of parameters that describe 
a similar character, like spatial or statistical distributions of data. These 
groups include height, hybrid, functional, and spatial parameters. Some also 
include functional volume parameters. Height parameters describe the height 
properties of a surface, such as the extreme heights and height distributions 
of it. Hybrid parameters describe the slope, curvature, and area of a surface. 
Functional parameters stem from the bearing area curve (also called the 
Firestone-Abbott curve). A general rule to consider when choosing 
parameters to describe any investigated surface is that parameters using 
mean values rather than extreme properties (i.e., maxima/minima) have the 
benefit of converging towards, rather than diverging from, a certain value and 
are therefore preferred as standard parameters for quality control [7]. 
 
Of the multifarious roughness parameters available some are commonly used 
while some are used more seldom. The parameters used and described in this 
thesis are chosen so that they provide a thorough description of the surfaces 
used. Next, these parameters are described group by group. Thorough 
mathematical descriptions can be found, for instance, through the 
International Organisation of Standardisation [26], in publications by e.g. 
Bhushan [6] and Whitehouse [7], as well as in analysis software manuals. 
 

 

Figure 4 — An example line profile (left) from a 1.5 µm × 1.5 µm AFM topograph 
(right) of a latex surface. The profile position is marked in white. The height 
differences of two points — one in a valley, 𝛥ℎ𝑣, and one on a peak, 𝛥ℎ𝑝 — to 

the mean height of the surface are marked in the profile.  

 

The average roughness, Sa, is one of the most used roughness parameters. It 
describes the average (arithmetic mean) height variations of a surface to the 
mean height line (Figure 4). This parameter is often seen in definitions of 
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standards or in standard tests, such as roughness grading [6]. The root-mean-
square roughness, Sq, is another very common roughness parameter that 
describes height. In essence this is the standard deviation of the height values 
from the mean level. This parameter is also occasionally used for normalising 
other parameters, such as Sbi (bearing area index) and Sq/Scl37 (see below). Sq 
is statistically more robust and reliable than Sa, but since Sa was more readily 
obtainable when surface metrological methods and standards were being 
developed it has established a firm place in surface characterisation [7]. Other 
common amplitude parameters are Sp and Sv, which describe the maximum 
peak height and valley depth of an image, determined relative to the mean line. 
Also the ten-point-height, S10z, the average difference between the five highest 
peaks and five lowest valleys, can be used as a height parameter [7], [27].  
 
Other height parameters are skewness, Ssk, and kurtosis, Sku. These both relate 
to the distribution of heights. If skewness is 0, the distribution is symmetrical 
around the average height, like in the case of a Gaussian distribution. Values 
below 0 indicate a valley-dominated roughness, while values above 0 indicate 
a peak-dominated roughness. The kurtosis, in turn, describes the width of 
height distribution; a Gaussian distribution in this case has a value of 3 while 
broader and narrower distributions have smaller, or respectively larger Sku 
values [7], [28]. This can be exemplified with AFM images of three different 
latex blends that were used in this study. Figure 5A shows a histogram of a 
bicomponent latex blend with 20% of polystyrene (PS) and 80% acrylonitrile 
butadiene styrene (ABS). This blend forms a rather smooth film with some 
peaks, measured over a range of 60.8 nm. This surface appears to be 
dominated by peaks arising from the high glass-transition temperature, Tg, PS 
particles sticking out of the mostly flat surface. This is supported by the value 
of Ssk, which is 0.31 for this surface. The distribution is almost Gaussian, as the 
Sku is only slightly below 3 (2.9). A surface with more PS (40%) is shown in 
Figure 5D. There are more height variations on this surface, the height range 
being 107.6 nm, but from the image it is hard to evaluate if it is dominated by 
peaks or valleys. The Ssk parameter enables to define the surface as being 
slightly valley dominated with a negative Ssk -0.4. Even if the span of heights is 
higher, kurtosis is almost the same as for the 20% PS, being 3.0 — a quite 
Gaussian distribution. A final example is a 70% PS surface, which appears 
quite different (Figure 5E–F). This surface appears flat with valleys here and 
there, and the height span is wider. This surface is indeed much more 
dominated by valleys than the 40% PS, as can be seen also from the negative 
Ssk of -2.18. In this case the quite high kurtosis value, Sku=10.3, shows that the 
height range is very wide. This is also clearly seen in the histogram image 
(Figure 5E). Hansson and Hansson have described how kurtosis and skewness 
can be used for the characterisation of biomaterials used in dental implants 
[29]. 
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Figure 5 — An example of how skewness and kurtosis describe a surface’s height 
distribution. Histograms (left column) corresponding to AFM topographs of 
three different bimodal latex blends (right column) with 20% PS (A. and B.), 40% 
PS (C. and D.) and 70% PS (E. and F.) and their corresponding skewness and 
kurtosis values. Images have a resolution of 512 by 512 pixels.  

 
The use of the autocorrelation function (ACF), a spatial roughness parameter, 
and Fourier transformation have provided new means to investigate surfaces. 
The autocorrelation function relates to the probability with which two 
measurements of, e.g., height, self-correlate or how probable it is for the 
positions of two measurement points to deviate significantly from each other. 
For the purposes of these studies the autocorrelation length, assigned Scl37 or 
Sal, has been most thoroughly used. This describes the lateral distance for 
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which the areal autocorrelation function decays to a certain fraction of its 
original value, in the range 10–50 % [7]. In the studies in this thesis, this value 
was set to e-1, i.e., 37%. The Sal parameter is a measure of the lateral distance 
at which two points are significantly different, but in some cases also as 
randomness of a surface [6]. The ACF relates to the randomness and isotropy 
of a surface. In biology, the ACF of a surface of a cell can also relate to its 
pathological processes [30]. Further, the normalised roughness, Sq/Scl37, is the 
ratio of height to lateral roughness. This could be compared to the areal 
autocorrelation function, which normalises the ACF with Sq2, the height 
variance.  
 
In the group of hybrid parameters, the surface area ratio, Sdr, describes the 
relative increase in surface area caused by roughness compared to the area of 
an ideally smooth surface. A measure of the fine texture is the density of 
summits, Sds, which measures the areal density of local maxima, which are 
points higher than their 8 neighbours. This relationship of this parameter 

with the density of peaks, Sdp, can be approximated as 𝑆𝑑𝑠 = 1.2 ⋅ (𝑆𝑑𝑝)
2

 [7]. 

The surface fractal dimension, Sfd, is a parameter determined from the Fourier 
amplitude spectrum of the surface. The fractal dimension for a direction is 
based on the slope of the logarithmic frequency and amplitude coordinate 
plot. In the SPIP software, which was used for roughness analysis, the value is 
determined as the average for all directions [28]. 
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Figure 6 — (Top) The material ratio curve of an example latex surface obtained 
with AFM with corresponding Sk, Spk, and Svk levels (Bottom). The Sk (yellowish), 
Spk (red) and Svk (blue) height regions marked in the actual AFM topograph. 

 
From the material ratio curve, also called the bearing ratio curve or Firestone-
Abbott curve, several descriptive surface parameters can be obtained (Figure 
6). The material ratio curve is a plot of the sum of the ratio of material 
intercept through a bearing plane, a plane parallel with the mean plane, 
determined at each height as it passes through a measured surface plot. This 
ratio is usually given as the material ratio at a certain height (Figure 6). From 
this plot three parameters relevant to this thesis are obtained: core roughness, 
Sk, reduced peak height, Spk, and reduced valley depth, Svk. They are 
determined as follows. The least mean squares (LMS) line is fitted to a 40% 
area of the curve so that the LMS line gets the lowest decline. When 
extrapolated to 0% and 100% material area ratios, and horizontal lines are 
drawn at both heights, the height difference between these two is the core 
roughness. If a further line is drawn from the horizontal line at the lower 
height, starting from the intersection point of the material ratio curve and the 
horizontal line, towards the 100% bearing ratio, so that the area of the formed 
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triangle is equal to the area between the horizontal line and the bearing area 
ratio curve, the height of this triangle is Svk. A similar line is drawn to obtain 
Spk as the height of the drawn triangle, when the line is starting from the upper 
horizontal line and forming a triangle with an area equal to that of the area of 
the bearing area curve above the horizontal line [8]. These parameters can be 
further normalised with each other to obtain parameters that describe the 
surface texture: Svk/Sk, Spk/Sk, and Svk/Spk [31]. 
 

 

Figure 7 — A 3D render of the 1.5 µm × 1.5 µm image (height range 59.8 nm) 
shown in Figure 4 (A.) and its inverse (B.). Both surfaces have identical height 
variations from their means (Sa = 8.7 nm and Sq = 10.8 nm) and surface area  
(Sdr = 2.3%) even though they appear very different.  

 
While a bland use of singular amplitude parameters is very common, they are 
not enough to describe a surface alone [6]. Only in the special case of a random 
and isotropic surface with a Gaussian distribution of heights two parameters 
are enough to statistically characterise it — a height distribution (which is 
described by, e.g., Sq) and the autocorrelation length, Sal [6]. Topographically 
very different surfaces can appear similar or even identical from the 
perspective of a certain parameter, which means that several different 
parameters should be combined to aptly describe a surface (see Figure 7). In 
practise this would mean not only using amplitude or ‘height’ parameters, but 
also hybrid (e.g., Sdr and Sds) and functional parameters (e.g., Spk and Svk) [6], 
[8], [32]. In Figure 7 the surfaces could be distinguished using parameters 
reflecting their height distribution (e.g., Ssk) or the prevalence of peaks and 
valleys (e.g., Sp and Sv). Using a broad set of parameters not only allows 
researchers to get into more details in their analysis, but also allows for reuse 
of the data in advanced meta-studies, such as computer analysis of cell-surface 
interactions.  
 
  



15 

3.2 Surface energy 

While the topography relates to the physical properties of a surface, the 
chemical character relates to its surface energy. This is another parameter 
relevant to material-material interactions.  
 
The surface energy of a material, 𝛾, can be considered the free energy excess 
of a surface compared to the free energy of the bulk, the change in free energy 
when transferring a unit of a material to the surface or the available free 
energy to create new bonds on the surface, or create a new surface altogether 
[33]. It is expressed in thermodynamic terms in relation to Gibbs free energy 
and the interfacial area as 
 

𝛾 = (
𝛿𝐺

𝛿𝐴
)

T, P, N
. (1) 

A surface with a low surface energy, and thus a low potential to create new 
bonds, is driven to limit its interaction with another material, such as a liquid, 
since there is little energetic benefit for forming new bonds with another 
material. Fowkes developed the concept by proposing that surface tension is 
a sum of all contributions of different intermolecular interactions, accounting 
for dispersive interaction forces (London forces), dipole-dipole interactions 
(Keesom), permanent-induced dipole interactions (Debye), hydrogen bonds 
etc. [34]. This led to the description of the interfacial interaction between two 
non-polar systems, 𝛾12, through mainly dispersive interactions as 
 

𝛾12 = 𝛾1 + 𝛾2 − 2[𝛾1
𝑑𝛾2

𝑑]1/2. (2) 

 
Here, 𝛾1 and 𝛾2 are the interfacial tensions of material 1 respectively material 
2 and 𝛾1

𝑑  as well as  𝛾2
𝑑  denote the dispersive components of the interactions 

of the two materials. This equation was the result of interpreting the surface 
tension via a geometric mean of the two components, assuming similar 
contributions from both.  
 
Van Oss, Chaudhury and Good suggested another approach to the surface 
energy. Their approach was to express it as contributions from Lifshitz-van 
der Waals interactions and acid-base interactions[35], [36]: 
 

𝛾i = 𝛾𝑖
LW + 𝛾𝑖

AB. (3) 

 

The Lifshitz-van der Waals term,  𝛾𝑖
LW , accounts for London, Keesom and 

Debye forces while the acid-base interactions, 𝛾𝑖
AB , account for polar 

interactions including hydrogen bonding as well as donor-acceptor pair and 
electrophile-nucleophile interactions. The long range Lifshitz-van der Waals 
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forces are symmetric and additive, while the short-range components are not. 
The acid-base component was therefore expanded as 
 

𝛾𝑖
𝐴𝐵 = 2(𝛾𝑖

+𝛾𝑖
−)1/2, (4) 

 
thus separating the acid, 𝛾𝑖

+, and base, 𝛾𝑖
−, contributions, i.e. the polar negative 

and positive character of the surface energy [35]. These surface energy 

properties, the dispersive and both polar components, are those often 

considered in cell-surface interactions. 

 

3.2.1 Wetting on ideal surfaces 

The shape of a droplet wetting a surface and how it is defined by the 
corresponding surface energy components was a special case that was first 
described by Young [37]. The shape of a droplet can be described by the angle 
of the tangent of a droplet at its contact point with the solid plane and the 
vapour phase, i.e., at the three-phase contact line, under the assumption that 
it spreads evenly in all directions (Figure 8). This angle is the contact angle 
and measuring it is one of the most common approaches to determine the 
surface energy of materials [38].  
 

 

Figure 8 — The contact angle of a droplet on a surface is measured as the 
tangent of the droplets silhouette, measured at its contact point between the 
solid and the vapour phase. This represents a pseudo-equilibrium between the 
components of interfacial tension of each interface. Droplet photograph used 
with permission from the copyright holder, P2i Labs. 

 
The contact angle is typically measured macroscopically, for instance using 
goniometry, which effectively measures the average contact angle, i.e., an 
average with respect to the chemical and topographical heterogeneities, of the 
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underlying surface. Different approaches for determining the contact angle 
are available, with static measurements of sessile droplets as well as dynamic 
measurements of advancing and receding contact angles being the two most 
common methods. 
 
For an immobile droplet on a surface, three different contact angles have been 
described, according to definitions by Marmur [39]. These are 𝜃Y , Young’s 
contact angle or the intrinsic contact angle for an ideally flat and chemically 
homogeneous surface, 𝜃ac the actual contact angle of the droplet on a real 
surface with some chemical heterogeneity and roughness, and 𝜃app , the 

apparent contact angle that is observed from measurements, which typically 
cannot account for small scale roughness. A droplet in equilibrium on a 
completely smooth surface has equal values for the actual and the apparent 
contact angles [40]. 
 
The apparent contact angle of a liquid is determined when the dynamic 
spreading of a droplet on the surface stops, and any detectable changes in 
droplet volume is due to liquid penetration or evaporation. This corresponds 
to a pseudo-equilibrium state [40], which represents an energy minimum 
concerning the interfacial tensions of the three-component system. The 
apparent contact angle that is measured is the angle between the tangent of 
the droplet front on the projected surface (Figure 8). In this case three 
components of interfacial tension act upon the system: that between the solid 
and the liquid droplet placed on the solid surface (γSL), that between the liquid 
droplet and the surrounding vapour (γLV) and that between the solid surface 
and the surrounding vapour (γSV). Young’s equation for the intrinsic contact 
angle (also called the Young’s contact angle) relates the contact angle to the 
components of interfacial tension [41]: 
 

cos 𝜃𝑌 =
𝛾𝑆𝑉 − 𝛾𝑆𝐿

𝛾𝐿𝑉
.  (5) 

In the case of an ideally smooth, inert, and chemically homogenous surface, 
the observed contact angle is also Young’s contact angle. For any real surface, 
the observed apparent contact angle 𝜃𝑎𝑝𝑝 deviates from 𝜃𝑌  because of 

roughness or chemical heterogeneity. Adding these factors to the equation, 
literally and proverbially, to relate to real surfaces makes matters slightly 
more complicated. 
 
Depending on which form the droplet takes, surfaces are designated as being 
hydrophobic or hydrophilic, if the probe liquid is water. The prior refers to 
surfaces that are non-wetting, which have an equilibrium water contact 
angle  𝜃𝐸 larger than 90°, while partial wetting results in contact angles 
90°≥ 𝜃𝐸>0° [42]. Other definitions of hydrophilicity are also encountered in 
literature [43].  
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3.2.2 Wetting on real surfaces 

The effect of surface topology on wetting has been described by Wenzel [44]. 
Wenzel related the 𝜃𝑎𝑝𝑝 and 𝜃𝑌with a roughness factor, 𝑟, which describes the 

increase in surface area due to surface roughness (Figure 9B). This roughness 
factor was defined as 
 

𝑟 =
𝑎𝑐𝑡𝑢𝑎𝑙 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎

𝑔𝑒𝑜𝑚𝑒𝑡𝑟𝑖𝑐 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎
  (6) 

 
This way the 𝜃𝑌 can be determined from  𝜃𝑎𝑝𝑝 as: 

 

r cos𝜃𝑌 = cos θapp.  (7) 

 
The correction accounts for the roughness-increased contact area between 
the droplet and the surface. This, however, assumes a homogeneous wetting 
over the surface where the droplet completely fills any valleys of the 
investigated surface. The effect of roughness by the Wenzel equation 
emphasises the measured apparent hydrophilicity or hydrophobicity, with 
little effect on measured contact angles around 90°.  A similar alternative form, 
based on the Young-Dupré equation has been suggested, 
 

(1 + cos 𝜃𝑎𝑝𝑝) = 𝑟(1 + cos 𝜃𝑌),  (8) 

 
in order to account for this oddity [41]. 
  
A measure of the roughness factor r can be obtained by AFM through the 
roughness parameter Sdr, [45].  
 

𝑟 = (1 +
𝑆𝑑𝑟

100
).  (9) 
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Figure 9 — The apparent contact angle of a droplet on A) an ideal surface, 
where 𝜃𝑎𝑝𝑝 = 𝜃𝑌 , B) a topographically heterogenous surface, as described by 

Wenzel, and C) a chemically heterogenous, bicomponent surface, as described 
by Cassie. 

 

Cassie developed a model describing wetting on chemically heterogeneous 
but perfectly smooth surfaces [46]. This accounts for several different wetting 
behaviours under the droplet, each with its own surface fraction, e.g., 𝑓1 and 
𝑓2  for material 1 and 2, in the case of a bicomponent system, with 
corresponding individual contact angles (Figure 9C). The overall contact angle 
for the contact area of the droplet is then: 
 

cos 𝜃 = 𝑓1cos𝜃1 + 𝑓2cos𝜃2 (10) 

If the physical heterogeneity results in chemical heterogeneity due to, e.g., 
microscopic air pockets, the situation is resolved by the Cassie-Baxter 
equation. This is a special case, which is important in superhydrophobic and 
superoleophobic phenomena and their applications [47].  
 
Both Wenzel’s and Cassie’s equations, and their validity have been debated 
over the last decades, e.g. in [48]–[53]. A recent thermodynamic analysis by 
Shardt and Elliot, introduces a ‘line-roughness Wenzel equation’ as the most 
general form of the Wenzel equation. They also show that the original, areal-
roughness Wenzel equation is a special case of the general equation [51]. 
 
 

3.2.3 Determining the surface energy of a surface 

Several approaches to determine the surface energy of materials from contact 
angles have been developed since Young’s essay. A critical discussion on the 
subject still rages on, in regard to both theoretical and practical approaches of 
the models connecting the theoretical surface energy character and measured 
contact angles [54]–[57]. One line of approach is based on the equation of 
state and is utilised by e.g., Kwok and Neumann [56]. Their method is one of 
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the few that has the benefit of being able to determine the surface energy 
using only one probe liquid. The multicomponent approach was developed 
from Fowkes’ discussions (see Equation 2) by Owens and Wendt [58], and 
independently by Kaelble and Rabel [59], [60]. Combined with Young’s 
equation this yields the OWRK method which relates the dispersive and polar 
properties of two liquids and the sample surface as 
 

0.5 𝛾𝐿𝑉(cos 𝜃𝑆𝐿 + 1) = (√𝛾𝑆𝑉
𝑑 𝛾𝐿𝑉

𝑑 + √𝛾𝑆𝑉
𝑝

𝛾𝐿𝑉
𝑝

). (11) 

 
This theory accounts for the contributions of different components as their 
geometric means. In a similar approach, Wu accounted for material 
interactions instead as their harmonic means [61], giving  
 

0.25 𝛾𝐿𝑉(cos 𝜃𝑆𝐿 + 1) =  (
𝛾𝑆𝑉

𝑑 𝛾𝐿𝑉
𝑑

𝛾𝑆𝑉
𝑑 +𝛾𝐿𝑉

𝑑 +
𝛾𝑆𝑉

𝑝
𝛾𝐿𝑉

𝑝

𝛾𝑆𝑉
𝑝

+ 𝛾𝐿𝑉
𝑝 ). (12) 

 
Wu noted that using the harmonic mean gave more reliable results than the 
geometric mean for materials with low surface energies, below approx. 30-40 
mJ m-2 [62], [63]. With contact angles from two liquids — one polar, such as 
water, and one non-polar such as diiodomethane — the dispersive and polar 
surface energies of a solid can be determined using the OWRK and Wu method. 
 
The polar, or acid-base, surface energy components were considered in the 
van Oss, Chaudhury’s and Good’s expansion of Fowkes’ equation [35]. 
Combined with the Young’s equation this resulted in  
 

0.5 𝛾𝐿𝑉(cos 𝜃𝑆𝐿 + 1) = (√𝛾𝑆𝑉
𝑑 𝛾𝐿𝑉

𝑑 + √𝛾𝑆𝑉
+ 𝛾𝐿𝑉

− + √𝛾𝑆𝑉
− 𝛾𝐿𝑉

+ ). (13) 

 
With three unknowns, contact angles from three liquids are required to solve 
the equation for each surface energy component of the investigated surface.  
 
Since these models are all pseudo-empirical and are still being critically 
discussed, it is exceptionally important to define what models have been used 
as well as the values for the surface tensions of the probe liquids that have 
been utilised in each study. 
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3.3 Particle-surface interactions 

Many biological objects such as lipids, proteins, and nucleic acids can be 
considered as macromolecules. A convenient way to approach biological 
adhesion is therefore by approximating it as a particle adhering to a surface, 
even in the case of a cell.  
 
A particle encountering a surface results in interactions that depend on the 
physico-chemical properties of the interacting objects. The type of interaction 
can be dispersive, polar (acid-base) and/or electrostatic [64], [65]. The 
surface topography of either entity also influences the interaction [66], [67]. 
One way to approach these interactions is through thermodynamics, but DLVO 
theory provides another perspective. Both can provide some insight into cell-
surface interactions [64], [65], [68], [69]. 
 
A process is thermodynamically favourable if there is a net reduction in free 
energy. For an adhesion process where a particle, 𝑝, approaches a surface, 𝑠, 
when in a liquid media, 𝑙, the energy change can be expressed in terms of the 
interfacial energies of the components: 
 

Δ𝐺𝑎𝑑ℎ = 𝛾𝑃𝑆 − 𝛾𝑃𝐿 − 𝛾𝑆𝐿 , (14) 
 
or, more generally, 
 

ΔG𝑎𝑑ℎ = Δ𝐺𝑎𝑑ℎ
𝐿𝑊 − Δ𝐺𝑎𝑑ℎ

𝐴𝐵 . (15) 
 
This approach allows for an estimation of the particle-surface interaction if 
the surface energies are obtainable. Determining the surface tension of the 
three components of the system — the growth medium, the surface and the 
biological particle — can indicate the basic thermodynamics of the adhesion 
mechanism between two equilibrium states. 
 
Another model for interpreting and measuring interaction between entities is 
the DLVO theory, after Derjaugin, Landau, Verwey and Overbeek. This is the 
fundamental theory on which contemporary surface and colloid science 
stands [70]. The DLVO theory approaches the particle-surface interaction as 
the balance of the electrostatic double-layer and dispersive forces (Figure 10) 
[71], [72]. Dispersive and polar interactions were introduced briefly in the 
previous section, whereas the electrical double layer is elaborated in the 
following. 
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Figure 10 — (Left) Illustration of how the total interaction energy (green) 
changes with distance. Contributions come from the vdW interactions (orange, 
typically attractive) and electrostatic interactions (blue, typically repulsive). 
The result is often a primary minimum in proximity of a surface, and a secondary 
minimum at some short distance from the surface. These are separated by an 
energy barrier. Based on [73]. 

(Right) The electrical double layer is formed as a counterbalance to a charged 
surface. Ions of opposite charge (in this case positive ions to an apparently 
negative surface) organise at the interface (the Stern layer). As the closest layers 
counteract the surface potential, the interaction decreases rapidly with distance. 
The outer layer is a pseudo-organised “diffuse layer”. Based on [74]. 

 
The electrical double layer (EDL) is formed at an interface in a polar medium, 
where a charge is built up on the surface (Figure 10). This can be due to ion 
adsorption or the ionization of a surface group. The overall effect is the 
alignment of counter ions near the interface according to the surface polarity.  
Since this is present on both a particle and the surface it approaches, their 
EDLs overlap and interact as electrostatic fields through interaction potentials. 
The strength of the EDL  can be measured through the zeta potential, 𝜁, and it 
is dependent on different factors such as the valence and concentration of the 
counter ions, due to ionic shielding, etc. — the geometry of the interface not 
left unmentioned [71]. 
 
The DLVO theory can be condensed to a sum of the distance dependent 

interaction potentials [72],  

𝐺𝑇𝑂𝑇(𝑑) = 𝐺𝐿𝑊(𝑑) + 𝐺𝐸𝐿(𝑑). (16) 
 
In general, dispersive forces are attractive and electrostatic forces repulsive 
[71], [75]. For an interaction between a particle and a surface, descriptive of a 
(cellular or microbial) particle adhering to a surface, the following equations 
for 𝐺𝐿𝑊(𝑑) respectively 𝐺𝐸𝐿(𝑑) could be used [72]: 
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and 
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In Equation 17, 𝑎 is the radius of the adherent particle that is assumed to be 
spherical, and the particle and the surface are separated by a distance 𝑑. The 
Hamaker constant, 𝐴, is a material constant that represents the van der Waals 
(vdW) interaction between two objects through a medium. The Hamaker 
constant has been related to surface energy and refraction index, which 
provide means to determine this character of a material [72], [76]. In Equation 
18, the permittivity of the medium, 𝜖 , as well as the zeta potentials of the 
surface and particle, 𝜁1  respectively 𝜁2  are accounted for, as well as the 
“thickness” of the double layer, 𝜅-1, which is dependent on all the available 
ionic species in the medium — both their concentration and valency. The 
distance described by 𝜅 -1 is the distance over which the electrostatic 
interaction is reduced to 1/e [71]. 
 
The DLVO theory was extended (xDLVO) by van Oss, Chaudhury and Good 
who included some contributions, including acid-base interactions [36], [72]. 
While having a short range (<5nm) the acid-base interactions are strong 
compared to dispersive and electrostatic forces [72]. Since the Hamaker 
constant can be determined from the Lifshitz-van der Waals energy 
component, Δ𝐺𝐿𝑊, Equation 17, the xDLVO theory can be connected to both 
the thermodynamic and the DLVO description of particle-surface interactions. 
 
The above models do not account for surface roughness of either the particle 
or the surface. This provides another parameter to consider. For an ideally 
smooth particle adhering to an ideal (smooth) surface the interaction 
between the two bodies is independent of the lateral position. The same is 
true for a rough particle adhering onto a smooth surface. In other cases, where 
the surface is rough and the particle may or may not be rough, the interactions 
are position dependent [67]. Some models account for physical 
heterogeneities. For instance, one approach using RMS roughness and 
distance between asperities instead of asperity radius, as done by Rumpf, was 
developed by Rabinovich from the Hamaker theory [67], [77]: 
 

𝐹𝑅𝑎𝑏𝑖𝑛𝑜𝑣𝑖𝑐ℎ =
𝐴𝐷

12𝑎2 [
1

1+(
16𝐷𝑘1𝑅𝑀𝑆

𝜆
)

+
1

1+
𝑘1𝑅𝑀𝑆

𝑎

]   (19) 

 
The adhesion force, F, has in this case contributions from RMS roughness, RMS, 
and an asperity distance, 𝜆. 𝑘1is a coefficient of proportionality relating the 
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maximum height and RMS roughness. These topographical properties could 
be compared to Sq and Scl37 or Sds parameters. In another study, Götzinger and 
Peukert accounted for the heterogeneity of modelled Hamaker constants of 
the surfaces and asperity radii as being logarithmically normally distributed 
[67].  
 
 

3.4 Other interaction models 

Other numerical and analytical methods like surface element integration (SEI) 
and Derjaguin’s integration have been used to incorporate topographical 
effects to surface-colloid interactions. These have found that textured surfaces 
have a lower interaction energy compared to smooth counterparts, possibly 
due to an increased distance to the core surface [78]. It was observed that 
asperity was the most influential parameter on total interaction energy for 
surfaces with pits, cylindrical and hemispherical pillars with diameters in the 
range 20–200 nm and feature heights of 20–150 nm at an aspect ratio of ca 1 
[79]. 
 
In biological interactions both the surface and the particle, i.e. the cell 
(whether eukaryotic or prokaryotic), are rough. The features of the cell that 
confer the roughness are e.g. pili, in the case of bacteria, or focal adhesions, in 
the case of cells. In addition, they are also reactive. Further, the complex nature 
of physiological liquids, which can include thousands of different protein 
species at varying concentrations, makes the previously described interaction 
theories are more difficult to apply to biological interactions.  
 
All interfacial phenomena are not covered by the DLVO theory. These include 
for instance hydration, hydrophobic and capillary forces etc. [80]. Further, 
when depicting adhesion of real particles, including biological, it might also 
be necessary to account for elasticity. In such cases any deformation will alter 
the interaction area. Such interactions are accounted for by theories such as 
JKR (Johnson, Kendall and Roberts), DMT (Derjaguin, Muller and Toporov) 
and others [67], [81]. Parsons et al. developed a model that distributed the 
non-contact DLVO force over a roughness profile based on the RMS roughness 
or the histogram of a surface. Roughness caused the short-range vdW forces 
to be amplified, and some mid-range repulsive regimes diminished [39].   
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4. Biological adhesion  

In biological adhesion, adhesion of proteins onto the material surface occurs 
chronologically first, and subsequently microbial and/or mammalian cell 
adhesion takes place (Figure 11). Cells on the surface can adapt to the features 
of it and, if it is a suitable environment, proliferate or, on the contrary, decrease 
the cellular viability. In this chapter, the driving factors for cell-surface 
interactions are discussed, as well as the different ways cells can respond to 
different surfaces. Furthermore, the question is addressed regarding whether 
theoretical models of adhesion and colloidal interactions can be deployed 
with any success for these biological species. 
 
 

 

Figure 11 — Biological adhesion in four steps. When immersed in a biological 
solution a surface is immediately hydrated (I), in brief succession proteins 
adsorb onto the surface replacing the hydration layer (II). The microbes (III) 
and cells (IV) encounter a protein-conditioned surface. 
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4.1 Protein adsorption  

Any material, synthetic or natural, placed in a biological environment faces an 
environment abounding with various proteins and other biomolecules. As 
different proteins reach the material surface they adsorb onto its hydrated 
surface within seconds, through physisorption, interactions being dominated 
by vdW forces, or chemisorption, which results in ionic or covalent bonds [82]. 
The adsorbed proteins can undergo conformational changes [83]. Thus, the 
interface that cells encounter is a protein-modified surface. These adsorbed 
proteins act as catalysts or mediators of the biological response to a material 
[43], [84].  
 
However, since a myriad of different proteins are present in the biological 
media, predicting and controlling protein adsorption is all but simple. Such 
knowledge would be invaluable for manufacturing a tailored surface for 
controlled biomaterial adsorption. The low selectivity of adsorption, 
competing adsorption between protein components, conformational changes 
during the process and low adsorption energy further complicate the matter 
[5]. The literature even reports contradictory observations on e.g. reversibility, 
energetics and multilayer adsorption. This could be due to diverging opinions 
on the definition of adsorption — specifically the boundary between 
reversible and irreversible adsorption [43].  
 
Both physical and chemical surface properties have been shown to affect 
protein adsorption (Figure 12). Roughness and hydrophobicity are two 
surface properties that have been connected to increased protein adsorption 
[43]. This can be explained by an adsorption-dehydration process. Adsorbing 
proteins must first dislodge the hydration layer bound with transitory 
hydrogen bonds, which requires energy. On a hydrophobic adsorbate surface 
the process results in a decrease of net free energy. To anionic and hydrophilic 
surfaces, especially with contact angles θ < 65°, the hydrated layer has been 
reported to bind more strongly via hydrogen bonding. The net gain in free 
energy of the process thus decreases as the surface turns more hydrophilic, 
and proteins do not adsorb onto surfaces with θ < 65° [43].  
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Figure 12 — Proteins are dynamically influenced by surface chemistry and 
topography as well as the presence of other proteins as they approach and 
adsorb to a surface (left). Having reached the surface, the protein might be 
driven to a reconfiguration due to the influence of the local interactions (centre). 
Previously adsorbed proteins might influence their neighbours (right). A 
physically heterogeneous (indicated by height variations in the image) or 
chemically heterogeneous surface (in this case a yellow coating deposited on the 
green substrate) can result in several different protein configurations.  

 

Surface properties can also induce structural and conformational changes in 
the proteins, thereby influencing their activity [83]–[86] (Figure 12, centre). 
These are also dependent on protein properties, e.g., how prone they are to 
conformational changes. Further, a larger surface area has been connected to 
the amount of adsorbed proteins [83]. Some studies have shown that 
accounting for this surface character during quantification mitigates the 
observed effect [84]. However, surface chemistry can also influence for 
instance the occupied surface area, and thus the adsorption density [86]. This 
effect might be related to surface energy changes with roughness [84]. 
Protein-protein interactions can have a stabilising effect on protein layers, 
especially when these layers are thick [43] (Figure 12, right). 
 
Adsorption of fibronectin and vitronectin is vital for migration and 
association of cells with the material surface of implant materials [84]. 
Polystyrene surfaces of cell culture plates may be chemically conditioned with 
sulfhydryl and polylysine to have improved protein interactions, and by 
extension, biocompatibility. On the other hand, pre-adsorbed avidin, a biotin 
binding protein, has been shown to inhibit bacterial adhesion through specific 
interactions [43], [87]. 
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4.2 Microbial interactions with surfaces 

Bacterial attachment and biofilm formation are of importance when 
understanding and counteracting bacterial fouling and infections, e.g., of 
implants, water purification membranes and food packaging. For bacteria, 
attaching or remaining motile is a strategic response to environmental 
conditions including surface properties, nutrient density etc. [88], [89]. While 
nutrient-poor conditions might favour energy-saving adhesion, attachment 
followed by biofilm formation increases the resistance of bacterial colonies to 
environmental stress, chemical disturbances and antimicrobial agents [89]–
[91].  
 
 

4.2.1 Microbial attachment 

Approaching a surface that is hydrated and conditioned by tissue fluids, the 
bacteria can adopt different sensing mechanisms to detect beneficial areas to 
which to adhere (Figure 13 I–II). This sensing does not only occur in respect 
to surface properties, including their physical and chemical character such as 
surface charge, stiffness and topography, but also nutrients etc. [92], [93]. This 
might lead to an adaptation of the microbe itself (e.g. its surface charge), or to 
interactions with the surface other than adhesion (e.g. ion and/or molecule 
trapping) [78] (Figure 13 III–IV). Surface sensing may also trigger an 
upregulation of virulence factors [94].  
 

 

Figure 13 — Steps of microbial adhesion. The bacterium (red) first approaches 
and senses the surface to find beneficial sites of adhesion (I and II). This can lead 
to bacterial adaptation or molecule trapping (III and IV). The bacterium 
adheres by producing, a.o., polysaccharides and proteins which form the ECM 
and the biofilm matrix (V). As the bacteria gain numbers and associate 
themselves with a protective layer of PNAG, they can ultimately form a biofilm 
(VI).  
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The initial, reversible, attachment of microbes onto surfaces occurs on the 
scale of minutes while irreversible attachment occurs over hours. The 
reversible character is because of the overlap of the EDLs of the surface and 
the attaching microbe [95], [96]. Reversible adhesion becomes irreversible 
over time as the bacteria respond to being in proximity with the surface by 
producing nanofibrous structures, such as flagella, or excreting 
polysaccharides, proteins, extracellular DNA, a.o. (Figure 13 V). These are 
constituents of the biofilm matrix [72], [88], [89], [96]. A major component of 
this is the exopolysaccharide poly-N-acetyl-β-(1-6)-glucosamine (PNAG), a 
positively charged carbohydrate. Cell-cell adhesion is a factor that is enabled 
by PNAG, and this expression eventually leads to biofilm formation [91]. 
Finally, the bacteria adapt their shape to the surface, begin secreting 
extracellular matrix and associate themselves to form a biofilm [88], [89] 
(Figure 13 VI). 
 
 

4.2.2 The biofilm 

Biofilm formation is a dynamic process preferred by the bacteria which allow 
them tolerance to antibiotics, disinfectants and other environmental hazards. 
It can also enhance the invasion of the host immune system, therefore causing 
numerous chronic infections, the majority of which are associated with 
medical devices [97]–[99]. Due to its important role for keeping the integrity 
of bacterial biofilm, it is considered an attractive target for prevention of 
implant-based infections [100].  
 
When a biofilm — a multi-cellular community — has formed, the bacteria may 
also specialise and show different motilities, susceptibilities to antimicrobial 
agents and adhesive behaviour. Intercellular communication in the biofilm is 
also complex, and bacteria adapt to different roles or move into different 
states in different regions of the community [91]. This contributes to the 
endurance of the biofilm, since some cells might be passivated, consume less 
and are thus less likely to encounter toxic substances [101]. The population 
near the biofilm surface is more likely to show so called swarming behaviour 
with morphological adaptations that enhance community growth and 
migration [89]. 
 
A drawback of adhesion is the inhibition of motility, partially due to 
phenotype changes, which renders the bacterium incapable of seeking out 
more favourable areas or additional nutrients [89]. In some cases, especially 
on surfaces that are beneficial for bacteria, bacteria are not attached directly 
onto the surface, but rather to a conditioning film of excreted exopolymeric 
character. Thus, a few adherent microbes can stimulate adhesion of others 
[72]. 
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Proteins present in the bacteria matrix are essential in the numerous 
mechanisms in response to environmental determinants, and are thus also 
participating in the microbial attachment to surfaces [98]. Examples are cell 
wall-anchored proteins and proteins secreted to the extracellular milieu or 
retained in the membrane or cell wall. These are of special interest because of 
their role as virulence factors of Staphylococcus aureus infection [102]. 
 
 

4.2.3 Predicting microbial responses with physico-chemical 
theories 

Different surface properties have been considered influential on microbial 
viability, and different physico-chemical theories have been applied to explain 
the adhesion process. As with proteins, these include mass transport theories 
for the initial transport of bacteria to the surface, thermodynamic analyses 
and DLVO theory. However, bacteria are such responsive and adaptive entities 
that an omnipotent theory or model has not been reached [64], [88]. 

Thermodynamic approaches have in a few cases proven adequate for 
predicting cell adhesion. Commonly, however, more intricate approaches have 
been found necessary, especially since any equilibrium state of the system 
might be hard to define [80]. The DLVO theory has also been used, not least 
because bacteria are near-colloidal in size and therefore allow the 
interpretation of the attaching microbe as a sphere approaching a surface. 
From the perspective of the DLVO theory, the situation where vdW forces are 
stronger than the electrostatic at long and short distances can be compared to 
reversible adhesion. A microbe is stable at the separation distance of the 
secondary minimum, and if it can penetrate through the energy barrier to the 
primary minimum, adhesion turns irreversible. A lower energy barrier and 
total interaction energy estimated by the DLVO theory have been connected 
to increased number of adhered cells [80]. Also, the xDLVO theory have been 
used with some success [78], [88]. In at least one case, the acid-base 
interaction was reported to improve the predictive power of the model for 
bacterial attachment [69]. It has also been observed that while a high 
adhesion force can be beneficial to the adhesion process it can also increase 
the cell stress and ultimately decrease viability [80]. Through these 
approaches one can obtain at least some rudimentary deposition kinetic 
models.  
 
Since both the DLVO and xDLVO were developed for ideally smooth surfaces, 
roughness of both the surface and the bacteria, due to appendages of different 
size and shape, cause difficulties for this model, as does the biological 
responsiveness of bacteria. Further, the exact physico-chemical nature of pre-
adsorbed layers is also difficult to evaluate [78], [88], [95], [103].  
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4.2.4 The influence of surface properties on bacterial adhesion 
and biofilm character  

 
The complex interactions between surface, medium and bacteria during 
attachment has made it difficult to completely decouple the weight of singular 
properties. Most reports appear to contribute a significant role to material 
properties such as surface energy, wetting and topography. Further, the zeta 
potential of the surface could be an important parameter that controls the 
bacterial response [95], [104]. Material stiffness was recently reported as an 
additional contributor to the bacterial viability and adhesion [105]–[107]. 
Response differences between bacterial models, at least partly due to their 
morphological variations, also limit general observations [78]. This could be 
helped by a broader choice of materials in the investigations [78], [108]. 
Several later instances have highlighted a length-scale dependence of the 
response to roughness, especially where surface features are proportional to 
the size of the bacterium [78], [108].  
 
Several issues are encountered when evaluating the influence of surface 
topography on bacterial interactions. The first obstacle comes from the nature 
of the surface structure, which can be ordered, random or even hierarchical 
— a feature that might be contributing to differences in, e.g., adhesion. 
Differences in roughness parameter values and length scales used, and a low 
number of parameters makes a proper comparison of results difficult, 
occasionally even impossible [32], [95]. Using computer-driven metadata 
analysis by compiling evidence from a large number of studies is a possibility 
if researchers provide a thorough description of the surfaces used. Singular 
observations on adhesion and viability could then be placed into the bigger 
picture. 
 
The impact of roughness, specifically height variations, has been suggested to 
stem from that it decreases both the energy barrier and total interaction 
energy during microbial adhesion. Detailed observations are numerous and 
varied and focus on a broad range of functions from directing microbe 
attachment to directly influencing attachment. For instance, Truong et al. 
observed an increasing Ra, Rq, Rsk and Rku (profile roughness parameters 
average roughness, RMS roughness, skewness and kurtosis determined from 
10 µm images) to decrease attachment of S. aureus, Pseudomonas aeruginosa 
and Escherichia coli [109], [110]. The cells appeared to produce more 
extracellular polymeric substance on a smoother surface. Roughness has in 
some cases been reported to be only a minor factor after initial adhesion [72]. 
An example of cells being only slightly affected by topography has been 
reported; the attachment of Streptococcus thermophilus to stainless steel was 
observed to be unaffected by different roughnesses of a steel surface [111]. 
However, in other studies, bacteria have been observed to respond to surface 
variations over a broad size range — from the level of a few nanometers [108] 
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to larger features [112]. It has been observed that the correlation between 
surface roughness and adhesion is better when images of similar size as the 
bacteria were investigated [95]. Also, the relative size of features in the surface 
films could be influential [112], with sizes larger than the bacteria (S. aureus 
and P. aeruginosa) appearing to be preferential, indicating that bacteria 
eventually seek out grooves or pits, which possibly offer protection from 
hostile environments [32], [97], [113]. Tightly packed aluminium oxide 
surfaces with high aspect ratio pores (d≥50nm) have been observed to reduce 
attachment of some bacterial models including E. coli and S. aureus compared 
to flat surfaces. This effect was contributed to increased acid-base and electric 
double-layer interaction forces [78]. The effect of roughness on cells can also 
be different to that mediated by adsorbed proteins [84]. 
 
Surface chemistry has also been shown to be influential to bacterial adhesion. 
Of S. aureus, Staphylococcus epidermis RP62 and Streptococcus mutans only S. 
aureus was shown to have a high affinity for electron donor solvents in a MATS 
(microbial affinity to solvents) study [95]. MATS compares the affinity of 
bacteria to monopolar solvents of acid or base type to the bacterial affinity to 
polar solvents. All solvents should have a similar Lifshitz-van der Waals 
surface tension [114]. This indicates that S. aureus bacterial species might 
have stronger acid-base interactions than other model species. Lewis acid-
base interactions have been considered negligible in several studies of 
microbial adhesion [95]. Alam and Balani noted surface energy, wetting and 
roughness to affect S. aureus adhesion, specifically a lower surface energy and 
a smoother surface causing less bacterial adhesion [115]. Bellon-Fontaine et 
al. found a connection between the dispersive component of the free energy 
and adhesion for S. thermophilus B and also Leuconostoc mesenteroides NCDO 
523 [111]. 
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4.3 Interactions of mammalian cells with surfaces 

 
Microbial interactions with a surface are often desired to inhibit adhesion and 
growth, as is also the case for implant materials or food packings. The 
opposite is typically true for mammalian cell-surface interactions. In implants, 
dental or other, it is desirable that bone cells migrate to — possibly into — the 
surface matrix attaching the implant. Strong adhesion is then also beneficial 
[116], [117]. However, it is not necessarily desired to have all types of 
mammalian cells active and positively driven by a surface. Macrophages, cells 
that are key players in the inflammatory response, might be necessary to 
downregulate in order to improve healing and reduce rejection on long term 
[118]–[120]. These examples are only scraping the surface of what cellular 
responses the interaction with materials can drive within the cell. These 
include adhesion, differentiation, motility changes, proliferation and 
phenotype changes [3]. The biological mechanisms behind these responses 
are too complex to be discussed here in their entirety. However, an overview 
of mammalian cell-surface interactions, in particular adhesion and 
proliferation, is discussed. 
 
 

4.3.1 Mammalian cell adhesion 

In essence, cell adhesion is the stimulation of cell membrane receptors by an 
encountered interface which results in a chain of signalling events that results 
in adhesion [3]. Cellular adhesion is part of many cell functions in vivo. These 
include not only adhesion of a cell onto a material, e.g. for spreading and 
migration, and thus by extension tissue regeneration and wound healing, but 
also cellular interactions with the extracellular matrix (ECM) and intercellular 
communication. Essentially, cellular adhesion is formed and dispersed 
continuously as the cells interact with their surroundings [3], [121].  
 
While the ECM acts as a mediator of mechanical and biochemical signals and 
cues for the cell, remodelling the ECM is possible. Such remodelling is one 
means through which cells communicate with each other [3], [84]. There are 
two common types of adhesion for cells — cell-cell and cell-ECM adhesion. 
Cells can also attach directly, non-specifically, to surfaces. This occurs in the 
case where no ECM proteins are present in the environment. These bonds are 
typically weak, both in a chemical and a biological sense, and if cells cannot 
deposit their own ECM to strengthen their attachment, they will eventually 
undergo apoptosis [122]. Adhesion mediated by ECM molecules also allows 
for cellular sensing and signalling. Such molecules are fibronectin, vitronectin, 
collagen and laminin, all of which can be found in cell media and body fluids. 
As such, these molecules form parts of the conditioning film in most 
experiments [122].  
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Focal adhesion is one common mechanism, with which cells contact a surface. 
In this, integrins are a major adhesion receptor component, along with 
vinculin, 𝛼-actin and several others. Focal adhesions have been associated 
with spreading and cellular motility [84], [121], [122]. As such they can 
represent an example of a connection between adhesion mechanisms, surface 
sensing and signalling mechanisms in the cell [121]. It is through these ECM-
modulated interactions that the surface properties induce a response in the 
cells, or that the cells perform as a part of tissue [3]. 
 
 

4.3.2 Mammalian cell responses to surfaces properties 

Through advanced analytical methods more clues have been obtained on how 
cellular activities are affected by biomaterials [3]. Understanding cellular cues 
and responses is the ground step in understanding not only materials 
interactions, but also the cellular clockwork, and is one step in between 
materials engineering and tissue engineering [123]. A complete 
understanding of the biochemical and biophysical responses on the cellular 
level would facilitate the development of biomaterial engineering. As in the 
case with microbial interactions, in spite of a long and arduous venture to 
understand the cellular interactions with surfaces, our understanding is 
incomplete and no model yet can provide an explanation to all observed 
mammalian cell-material interactions [3], [5], [124]. In this case as well, some 
surface parameters have repeatedly been associated with a cellular response. 
 
While cells, both cancerous and non-cancerous, have been widely observed to 
respond to surfaces, each cell type responds differently to surface properties. 
This is possibly a result of them having evolved for specific functions. It could 
also give clues for the most beneficial environment for different cell types in 
terms of stiffness and roughness. Examples of this are osteoblasts and 
osteoclasts, which are two types of bone cells that have been found to grow 
well on stiff nanotubes, and less well on smooth surfaces. Environmental 
factors can also affect this response as can be seen when comparing cells 
grown on 2D surfaces to those grown in 3D matrices. On flat substrates an 
increase in adhesion was typically observed. Depending on the stiffness of the 
3D structures adhesion could be more reversible (softer scaffolds) or more 
stable (harder scaffolds) [3]. 
 
Stiffness has been observed to influence a variety of cellular mechanisms, 
such as proliferation, differentiation, migration and gene expression [125]–
[127]. The stiffness of human tissue varies from 0.5 kPa to 12kPa for live, soft 
tissue, to 15–100 kPa for fibrotic tissue, and up to 350 MPa and 17 GPa for 
bone tissues. This is a broad range of stiffness that different cells will be 
responding to [128], [129]. Mechanical changes in the ECM can be reflected in 
the cellular activity and phenotype. Cells grown on stiff substrates also show 
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an increased expression of stress fibres and integrins, as well as changes in 
their adhesion to the substrate [3], [125]. Soft substrates can also be non-
viable for some cell lines [125]. 
 
The cells are considered to interpret surface roughness as structural 
variations in the ECM, which the cell then adapts to [130]. This way the 
conditioning film of previously adsorbed proteins influences the adhesive 
interactions, as proteins have adsorbed differently on different features of the 
surface [130]. The Focal Adhesion Kinase signalling pathway has been 
associated with cell proliferation responses to roughness [3]. The scale of the 
surface feature appears to be an influential factor, at least in the case of 
fibroblasts, where smaller features (10–13 nm) increased adhesion and 
proliferation. Larger features (50–95 nm) resulted in a lower fibroblast 
adhesion [130]. Differences have also been shown between random surfaces 
and surfaces with an organised structure, the latter directing spreading and 
migration [3]. Differences in metabolic rates have also been observed when 
comparing this type of features — an ordered micrometer scale topography 
increased the metabolic rate of osteoblasts compared to a disordered surface 
[130]. 
 
Functional groups on the surface have also been observed to affect the 
functionality of cells. For instance, surface modifications with carboxylic acid 
(-COOH) and bisulphite (-HSO3) groups have been shown to increase HeLa cell 
proliferation. The migration of these cells was increased by addition of amine 
(-NH2) groups [3]. Surface charge has also been found influential and could be 
a partial explanation to why cells respond to some chemical species on the 
surface. A lower negative potential was associated with an increase in cell 
adhesion and spreading, as well as modulations in actin stress fibre formation 
[131]. Hydrophilicity is a surface energy property that generally improves 
adhesion and proliferation of mammalian cells, while hydrophobic surfaces 
typically inhibit them [3], [43]. Surface properties have also been connected 
to the response of immune cells to implant surfaces, effectively upregulating 
and downregulating the inflammatory response [118]–[120]. Titanium 
surfaces with an increased hydrophilicity were also observed to decrease 
cytokine production, which increases the inflammatory response, and 
promotes the production of anti-inflammatory agents [120]. 
 
At the frontier of materials for controlling cell-surface interactions are 
materials with properties that can drive responses in neural cells. 
Nanostructures have been shown to influence also neural cells, but for this 
type of electrically active cells material conductivity is also of interest. Such 
materials could be implemented in applications needing electrical stimulus to 
connect with neural tissue, which has been utilised in pacemakers, vision 
protheses and brain-interfaces [132], and by extension to prevent and treat 
neurological disorders or improve quality of life of patients [133]. Electrical 
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stimulus has also been observed to affect neural stem cell migration, 
differentiation and proliferation which could be utilised to improve the poor 
generative properties of the central nervous system [134], [135]. Fibroblast 
cells have also been observed to respond to electrical stimulus (ES). In vitro 
studies have observed an increased secretion of growth factors, cell growth 
and cell migration of HDF cells [136], [137]. Electrical stimulation of the pelvic 
floor was observed to promote the activation and proliferation of fibroblasts 
in vivo in a mouse model [138]. An example of a non-electrical surface 
property that influences neural cells is, as said, topography. Rough surfaces 
appear more viable for neural cells than smooth ones [139]. Neural cells have 
been observed to respond to nanoscale features, such as grooves between 
graphene oxide, in terms of attachment. Neural stem cell differentiation has 
also been shown to be directed by fibrous structures. Improved proliferation 
has been observed on 3D graphene structures [140]. On polystyrene (PS) 
surfaces with microscale roughness, human induced stem cells show 
differences in neuronal markers, indicating a differentiation response [141]. 
 
These examples on cellular responses to surface properties indicate that the 
responses are as diverse as the surface properties that drive them. Differing 
responses between cell lines convolute the matter. Some generalised 
observations have been suggested in a review by Li, Xiao and Liu [3]. Positively 
charged and moderately hydrophilic surfaces increase cell spreading, while 
softer materials reduce it. Topography can induce a phenotype change related 
to spreading. Proliferation is induced by 3D structures, especially when 
interconnected, but stiffness and topography also increase proliferation 
through different signalling pathways. Cellular differentiation has been 
connected to variations in stiffness, but also the ordered nature of the 
topography can affect it, with osteogenesis preferring random structures, 
while neurogenesis prefers ordered structures. Surface functionality, for 
instance pre-adsorbed proteins can also influence e.g. proliferation [3]. 
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4.3.3 The predictive power of physico-chemical models for mammalian 
cells 
 
As with microbial cells, the DLVO theory was initially deemed suitable for 
describing initial mammalian cell-surface interactions due to the size of these 
cells and the properties of their membranes, which are typically hydrophobic 
and negatively charged [5]. The main issue here was the surface heterogeneity 
of the membrane in both a chemical and physical sense. Similarly, a 
thermodynamic approach requires the definition of some equilibrium state, 
which for cells might not even exist [142], [143]. The cascade of interactions 
of a cell with different surfaces and the subsequently expressed and modified 
ECM limits the use of these theories in the long term, but their use has merit 
when the focus is the initial adhesion [143]. While emphasis is generally laid 
on longer interactions and confluent films, the initial, short-term adhesion 
steps could still influence the long-term interactions between the biological 
environment and the material. Investigating the validity of these physico-
chemical models and further developing them can thus also help further the 
understanding of cellular interactions with functional biomaterials. What 
such materials are will be discussed next. 
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5. Functional materials at biological interfaces 

Functional materials either possess a property that has an intrinsic function, 
or that can show a function under some external stimulus. For functional 
materials at a biological interface, or biofunctional materials, the function is 
some kind of biological interaction, or the possibility to initialise or tune an 
interaction with a biological object, which can be on any level — cell, tissue or 
organ. As previously established, surface properties can affect cell-material 
adhesion, cell migration, cell spreading, cell shape, cell proliferation and cell 
differentiation through their chemical, topographical and mechanical 
properties on a cellular level. Materials engineering aims to make use of such 
cellular responses to benefit certain applications [3]. Typically, a cell-line 
specific response is sought after. This can be exemplified by dental implants 
and wound dressing applications where bacterial infections and 
inflammatory responses should be suppressed, whereas soft and/or bone 
tissue interactions with a functional material should be promoted [116], [117], 
[144]. 
 
In this final section of the literature overview some examples of uses of 
biofunctional materials are described. Focus is put on polymeric materials 
and their processing into biofunctional films. 
 
 

5.1 Biofunctional materials and their applications 

 
Biofunctional materials can be designed to primarily function as impermeable 
surfaces, such as bioactive coatings, but they can also be intended to allow for 
release of a molecule, such as in the case of drug delivery systems [145], or 
the passing of cells into their matrix, as in the case of, e.g., scaffold materials 
[123], [130], [144], [146]. Even the earliest biofunctional materials research 
could show that surface and colloid science is a key field when investigating 
and determining interactions between materials and proteins or cells [147]. 
The idea was that all interactions, biological or not, are driven by the same 
fundamental forces [72]. As has been indicated, and this still appears to hold 
true, a decisive model requires accounting for an unfathomable number of 
different interactions. Some key aspects, like reactivity of water at materials 
surfaces through hydrophobic and hydration forces, are still partly unresolved 
[147], [148]. In medical applications, biofunctional applications are 
commonly termed biomaterials. Currently, there is a shift from permanent, i.e. 
non-degradable, implants towards biodegradable biomaterials where 
plausible [149]. 
 



39 

Biomaterials are often metallic (e.g., titanium implants), ceramic (e.g., 
bioactive glass), polymeric (e.g., polystyrene (PS)) or natural-based (e.g., 
cellulose or plant scaffolds).  
 
Metallic biomaterials and ceramics are common in implants not least due to 
their durability [150], [151]. Such applications include joint replacements, 
dental implants, orthopaedic fixations and stents [152]. Currently, also 
biodegradable metallics are available, which are typically based on Mg, Fe and 
Zn alloys rather than, e.g. stainless steel found in permanent implants. These 
provide better fracture fixation where complete tissue regeneration is 
expected. The result is still a strong and biodegradable implant. Shape-
memory alloys are a sub-type of metallic materials that can have beneficial 
properties in the biomedical field. Shape-memory refers to the capability of a 
material to return to its original shape after a deformation, even below its 
transition temperature. Nitinol, which is one of several titanium-nickel shape-
memory alloys, has been widely used in different medical applications, such 
as dental, vascular, neurological and vascular a.o. [152]–[154]. This material 
could for instance allow for operating through a smaller incision and 
expanding the used device only in the last stages of the procedure [155].  A 
limit to their use has been the control of Ni released from the material. For all 
types of metallic biomaterials, 3D printing has provided interesting new 
manufacturing possibilities [152], [156].  
 
Ceramic materials are often used to interact with bone tissue. Of note are 
calcium phosphate based ceramics which are biocompatible, but their 
degradation products can contribute to bone cell activity [149]. Similarly, 
calcium silicates provide means to influence bone calcification and can 
promote collagen and bone-related gene expression, through Si-cell 
interactions [149]. Bioactive glasses, which consist of SiO2, CaO, and P2O5, 
among others, provide good biocompatibility and strong bonding in proximity 
with tissue. These are in fact the only bioceramics bonding with both soft and 
hard tissue [149], [151]. A weakness of bioceramics is their low toughness, 
which can be improved by using it in a composite material together with 
tougher components [149]. While bone regeneration is the major application 
for this group of materials it is expected to perform also with soft tissues, in 
wound healing, as scaffolds or even in cosmetics [149], [151]. 
 
Polymers are used vastly as biomaterials in diverse applications from 
medicine and food technology to cosmetics due to their versatility and 
affordability [145], [157]. They can be tuned to suit any application, and offer 
a wide selection of chemical, topographical and mechanical properties [157]. 
Polymeric materials can also be made stimuli-responsive, meaning that some 
of their properties, like surface charge or stiffness, undergo a change when 
they are exposed to a stimulus, e.g. light, pH-change or electric stimuli. This 
can be used in biosensors, where a material reacts to a pH change induced by 
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inflammation, or the release of a medical agent from an implant material 
surface due to an increased tissue heat or pH change [155]. The stability of 
polymeric materials can also be tuned to suit the needs of the application, as 
they can be made both biodegradable and stable over the long-term [149], 
[157]. Biodegradable polymers are often, however, considered to be 
mechanically inferior to biodegradable metallics, when used in implants [152]. 
Shape-memory effects have also been observed in polymers [155]. Unlike 
alloys, shape-memory polymers (SMP) are generally more biocompatible. 
Again, the tuneability of polymers to device foam-materials is beneficial in 
biomedical applications. This has been utilised with polyurethane-based SMP 
foams for treating lateral wall aneurysms in carotid arteries of dogs [155], 
[158]. Polylactic acid-based polymers can show SMP behaviour and 
simultaneously be biodegradable [159]. Conductive polymers (CPs), like 
polypyrrole and polyaniline, form another subgroup of polymers, which can 
provide means for electrical stimulus, sensing or even neural interfaces [160], 
[161]. For CPs, biocompatibility and poor mechanical properties are some 
recurring issues [161]. 
 
Cellulose-based and cellulose-like materials are not only an interesting 
support for bioactive materials but are also promising on their own. This is a 
wide group of materials that stem from both plants and bacteria [162]. One of 
their strengths is the possibility to modify their chemical and mechanical 
properties [144], [146], [163]–[165]. This can be achieved through synthesis, 
processing, copolymerisation and blending. That said, naturally occurring 
polymers can have interesting properties that can be utilised as biomaterials 
but they can be difficult to modify or purify [157]. Cellulose materials can also 
come in 3D form, which can be printed or be the ink-basis in cell printing [166], 
[167]. These materials have been used for a wide range of applications from 
cell culture, as hydrogels, to organ scaffolds [123], [146], [162], applications 
which use the cellulose material as an ECM mimicker. In such 3D 
environments it has been observed that the stiffness is a particularly 
influential material property [168]–[170]. These properties have also allowed 
cellulose-based hydrogels to be used in dental implants, corneal grafting, or 
reconstructive surgery [162]. Due to its versatility and tunability, addition of 
metal nanoparticles or conductive materials can make cellulose a versatile 
sensor material [171],  and it was recently even deployed as a homeostatic 
biosensor [172].  
 
Paper, another cellulosed-based material, is a potential support material for a 
low-cost  cell study or diagnostics platform [82], [173]–[176]. It is also 
lightweight and suitable for large scale production [176]. Cell studies have 
been carried out inside paper based structures, occasionally with added 
microfluidics [177], utilising the scaffold-like character of cellulose. This way 
paper can be utilised for both 2D and 3D cell culture platforms [165]. A key 
benefit of using paper is its customisability, especially when considering that 
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both the bulk and interfaces in the bulk can be used in cell culture [165]. 
Tuneability can also be provided by the inclusion plastic films, e.g. polyester, 
which gives the added benefit of transparency — a feature which paper-based 
devices are limited in [178]. If they are easy to use, sturdy and accurate, paper-
based diagnostics and cell-culture devices can be invaluable in developing 
countries, where expensive instruments and trained personnel are severely 
limited [179]. Paper-based platforms have been used in a wide variety of 
applications, such as high-throughput screening, drug development, 
biomolecule detection or as a disease diagnostics tool and have been tested 
using a wide array of body fluid samples, from blood and sweat to tears [165], 
[176]. In the case of pharmaceutical studies, e.g., the tuneability and possible 
3D environment can provide a more native-like environment for cells, which 
can add value and reliability to the study [165]. Paper has also been 
considered as a base for organ-on-a-chip models [180]. However, paper is not 
without drawbacks in these applications. Light scattering might limit confocal 
imaging, fluorescence imaging must be done mindful of possible 
autofluorescence and humidity might change the mechanical properties of the 
paper substrate [176]. 
 
One approach to adjust biocompatibility of a prefabricated material is by 
biomodification of the surface. This can involve chemical processing of the 
surface to adjust its surface chemical properties and can be done by grafting 
or otherwise adding, e.g., a polymeric coating, or even by adding biomolecules 
such as proteins or small interfering RNA [181]. Similarly, the surface 
structure can be processed [157]. Surface modification can also provide a 
multifunctionality to a surface. This can make a bio-inert but stable and strong 
material also biocompatible [152]. An advanced example is e.g. controlled 
biomodification of a thermo-responsive poly(N-isopropylacrylamide-co-2-
carboxyisopropylacrylamide) grafted onto tissue culture PS. Using this 
responsiveness, the binding of proteins to the surface was controlled and by 
extension also the attachment and detachment of human umbilical vein 
endothelial cells [182]. Biomodification has also been investigated in the case 
of implants, where methods like sintering, acid etching, heat treatments and 
micro-arc oxidation have been used to modify surface chemistry or 
topography to improve cell-surface interactions [183], [184].  
 
Some applications require a ‘one-dimensional’ interaction with its 
surroundings. For example, in food industry, biofilm formation needs to be 
controlled in order to prevent food spoilage and foodborne diseases, while 
bioreactor surfaces need to maximise the yield from the process [72], [95]. 
These applications involve different anti- and pro-microbial surfaces, which 
are obtained by targeting different phases in the bacterial and/or biofilm life 
cycle. These surfaces can be developed through physico-chemical materials 
design or surface functionalisation, e.g., by use of nanoparticles (NPs). NPs can 
not only be used to modify the physicochemical properties of a surface, but 
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can also provide an intrinsic antimicrobial activity, for example in the case of 
silver NPs [185], [186]. Initial implant materials were chosen and designed 
with a similarly simple point-of-view — to increase their inertness and 
thereby reduce the risk of rejection. Later the perspective was broadened, and 
materials were chosen to be biocompatible [3]. They should be suited to the 
application without inducing any undesired responses in the biological entity 
it’s in contact with [157]. Biocompatibility is a common issue with novel 
synthetic polymers.   
 
State-of-the-art biomaterials design often embraces a more multidimensional 
approach where some interactions are downregulated while others are 
enhanced. Examples of this are a type of superhydrophobic implant that can 
reduce fouling while retaining biocompatibility, and wound dressing 
materials with highly antibacterial properties that yet enhance wound healing 
[144], [187]. Advanced functional biomaterials can also be designed to show 
a response to changes in the environment, e.g. pH, temperature, electric field 
or even metabolites [157]. 
 
The application of biomaterial engineering of surfaces to cell culture 
applications offers interesting possibilities. Traditionally cell culture plates 
are made of rigid glass or plastic, and while they might have a conditioning 
layer, their surface chemistry and topography reflect the manufacturing 
processing rather than conscious design [188], [189]. With cells adapting to 
their environment, even differentiating due to biophysical cues, the validity 
and repeatability of cell studies done in environments with, for the cells, very 
un-native properties is critically assessed [3], [168], [189]. Using the 
knowledge from cell-surface interaction studies, a tuneable platform could be 
devised, where the most in vivo-like responses are obtained in in vitro studies.   
 
Incorporating bioelectronic elements in a cell study platform, or any other 
bio-application for that matter, can add to the investigation and gained data, 
or add means to stimulate cells electrically or with added release of bioactive 
agents [190], [191]. With these one can monitor cell adhesion and viability 
using, e.g., impedance spectroscopy [192], or metabolites and pH sensing 
[193].  
 
Printing techniques, inkjet printing and flexographic printing among others, 
are a convenient way to add a functionality to a surface — even on large scale 
— by modifying the surface chemistry or adding, e.g., electrodes [173], [174], 
[194]. For small scale applications, physical vapour deposition can provide a 
means to produce thin-film metal coatings or electrodes, especially on a small 
scale [190], [195]. Other ways to add surface texture or features are etching, 
ion beam milling, hot embossing, solvent treatments and lithography [191], 
[196], [197]. When studying cell-surface interactions, care should be taken 
when modifying the surface, because the manufacturing process can 
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inadvertently alter more properties than intended, for instance the surface 
chemistry when altering the topography. 
 
 

5.1.1 Latex films as biofunctional surfaces 

In this thesis the primary functional surfaces for controlling cell interaction 
are different nanostructured polymeric latex surfaces. A latex is a polymer 
emulsion produced by polymerisation, while the emulsification of a polymer 
results in a pseudolatex dispersion [198]. The development of these has 
allowed for polymeric film manufacturing to utilise water soluble or 
dispersible dispersions in addition to solvent-based dispersions or solutions. 
Water-based dispersions often need added dispersive agents, which can be a 
drawback when additives are undesired, such as in bio-applications [199]. 
They are still often preferred for being more environmentally friendly than 
solvent based systems [200]. Other possible additives present in a polymer 
latex are plasticisers (film forming agents) [141]. These can be fugitive to 
improve block resistance. Common latex dispersion stabilisers are anionic 
sulphate or sulfonate [201]. The distribution and migration of surfactants in 
the film can affect its properties, such as particle packing, film thickness and 
film-substrate adhesion [199], [202]. In the case of PS:ABS blends, an IR 
treatment was found to both cause partial annealing and removal of additives 
[201]. 
 

 

Figure 14 — Illustration of the film formation of a latex coating. The 
concentration of particles increases as water evaporates from the film (A to B), 
starting from the surface. The latex particles then organise (C) and finally 
deform (D). In the final stage, they can progressively interconnect to form a 
homogeneous film, depending on the ambient temperature and the Tg of the 
latex. 

 
  



44 

As a coating of dispersed latex particles dries it forms a film (Figure 14). Film-
forming occurs in three steps: first the particles concentrate as water 
evaporates, starting from the surface. They then deform and finally 
interconnect by polymer chain interdiffusion. Temperature is a property-
influencing factor. For example, should a film with good transparency be 
desired, e.g. for optical microscopy of cells, it should be cast at temperatures 
above the minimum film formation temperature (MFFT). Adhesion might also 
be affected by casting conditions [199], [203], [204]. 
 
In addition to using singular polymers, blending different polymers or 
including core-shell-type latex particles also provide means to obtain specific 
tailored properties [199]. Blends can improve block resistance, strength and 
integrity of the film. Influencing factors are the glass transition temperature, 
Tg (similar to MFFT), particle size, and relative fractions of the components in 
the blend [200]. The mixing ratio of latex components also forms the basis for 
controlling the surface topography of the resultant films [199]. The optical 
properties might also be affected by the mixing ratio [205], [206]. Long-term 
stability of polymeric films should also be considered involving changes 
caused by film aging, such as changes in mechanical properties or 
smoothening [199].  
 
The latex surfaces, made of PS and ABS, that are used in this thesis have been 
shown to be cytocompatible materials with surface properties that can readily 
be tuned [174], [175], [191]. This has made them an intriguing means to study 
the influence of surface character on cells and biofilms adhering to them. The 
materials used and how they were manufactured and characterised is 
unfolded in the following section. The final section then presents observations 
made and conclusions drawn from the cell and biofilm studies in this work.  
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6. Materials and methods 

This chapter describes the materials and methods used in the study. 

6.1 Base substrates 
Borosilicate glass substrates were used in all main studies. In Paper I and 
Paper II they were a preliminary test support and were used both as reference 
samples (as received) and coated with a polymer layer. In Paper III they were 
also used for preliminary testing of the synthesised latices. The glass 
substrates were 13 mm in diameter and produced by VWR (ECN 631–1577, 
Germany). Subsequent use of ‘glass’ and ‘coverslips’, or similar, in this thesis 
refers to these substrates. 
 
The base paperboard used in Paper III was a commercial uncoated 
paperboard (henceforth “BKS”) produced by BillerudKorsnäs (Sweden). The 
board had a basis weight of 272 ± 2 g m−2 and a thickness of 348 ± 3 μm.  
 

6.2 Polymers 

6.2.1 Latex dispersions 

6.2.1a Commercial latices 

Two aqueous latex dispersions were in focus in this thesis: A polystyrene (PS) 
dispersion (HPY83, Styron Europe GmbH, CH) with an average PS particle size 
of 130 nm and a Tg of 105 °C, and a dispersion of acrylonitrile butadiene 
styrene (ABS) copolymer particles (HPC26, DOW Europe GmbH, CH) with an 
average particle size of 140 nm and a Tg of 8–10 °C. For reference, the ABS 
latex DL920 in [175] is very similar, if not equivalent, to HPC26. It has 
previously been shown that the ABS latex includes non-ionic and hydrophilic 
sulphonate based surfactants. However, after thermal annealing with IR light, 
and a subsequent wash, the surfactants have been shown to be removed from 
the surface of the latex film [201]. The high-Tg latex and the low-Tg latex 
dispersions had a solids content of 47.9% and 54.5%, respectively. The given 
PS:ABS ratios and PS% are relative volume ratios of the dispersions. 
 
The nanostructured surface texture was achieved by irradiating the latex-
coated substrate with a short-wavelength infrared (IR) heater (IRT systems, 
Hedson Technologies AB, Sweden). The IR-treated samples were rinsed with 
water and ethanol, and then dried in ambient conditions. A good adhesion of 
the latex film to a borosilicate glass surface was ensured by an additional heat 
treatment (60 min, 105 °C). 
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6.2.1b Synthesised latices 

In addition to the commercial latices, a set of in-house synthesised latices, L-
01, L-02, and L-05, were used in Paper III. These were prepared via a semi-
batch emulsion polymerisation. The details of the synthesis can be found in 
Paper III. In short, a pre-emulsion was prepared by mixing acrylic acid, butyl 
acrylate and styrene (Sigma-Aldrich, Finland) and emulsifiers (i.e. Disponil 
FES 32 and Disponyl NG 1080; BASF, Ludwigshafen am Rhein, Germany) in 
distilled water for 30 min at RT. A mixture containing the anionic surfactant 
(Calfax DB 45) solution and 50% of the total amount of the initiator 
(ammonium persulfate) solution was poured into the reactor and heated to 
80 °C under stirring over 2 h, and subsequently stirred for another 2 h. Then 
the temperature was lowered to 55 °C and redox agents (tert-butyl 
hydroperoxide TBHP and sodium formaldehyde sulfoxylate) were added, 
allowing for a reaction time of 30 min at 55 °C before cooling. The pH was then 
adjusted with ammonium hydroxide. After removing coagulates the solids 
content of each product was measured.  
 

6.2.2 Polydimethylsiloxane (PDMS) 

The used PDMS contained vinyl groups (Dehesive® 920 by Wacker Chemie, 
AG, Germany) and was synthesised using Wacker Chemie's (Germany) 
chemicals Wacker® catalyst OL and Crosslinker V24 (mixing ratio 100:2.5:1 
wt%). The PDMS was cured at 80 °C. 
 

6.3 Surface manufacturing techniques 

6.3.1 Drop casting 

The latex blends were manually drop-cast on the glass cover slips with a 
radius of 13 mm. Approximately 25–30 µL of a 1:3 (latex : MilliQ-water) 
diluted latex dispersion was cast at the centre of each coverslip. After casting, 
the coverslip was manually tilted to completely spread the dispersion over the 
cover slip. For best results, the rotational tilting was conducted for several 
minutes, or until the dispersion had formed a thick skin. Transmission spectra 
showed that the drop cast latex films were highly transparent (90%) to light 
in the visible spectrum [191]. This allowed for the use of optical methods in 
the cell studies. By choosing suitable wavelengths (green) for confocal 
microscopy the disturbance of autofluorescence could be minimised (see 
Supporting Information in Paper I). 
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6.3.2 Flexographic printing of PDMS 

For flexographic printing of PDMS patterns on the latex-coated paperboard in 
Paper III a laboratory scale printability tester (IGT Global Standard Tester 2, 
IGT Testing Systems, The Netherlands) was used. Printing was done at an 
ambient temperature of 23 °C and a relative humidity of 50%. The used anilox 
roll had a cell angle of 45°, a cell volume of 20 mL m−2 and a line count of 40 
lines/cm. For ink transfer, a patterned Ohkaflex photopolymer printing plate 
(Espoon Painolaatta, Finland) was used.  Printing produced an array of 
“reaction areas” or “wells” which are the non-printed areas, i.e., circular areas 
free from PDMS. The printing speed was set to 0.5 m s−1 and the printing 
pressure between the anilox roll and the printing plate was set to 100 N. The 
force between the printing plate and the substrate was set to 50 N. 
 

6.3.3 Inkjet printing of the drug 

The flexographically printed wells were loaded with drug with an ink-jet 
desktop printer of type Epson XP-760 (Japan). To do this, doxorubicin (DOX) 
was first dissolved in MilliQ water (0.1 mg mL−1) and the printing solution was 
injected into a disposable plastic cartridge (Canon quick-fill) through a 0.2 μm 
polyethersulfone (PES) membrane filter. Drug loading in the well was done by 
increasing the number of layers (1–14) printed over the well. 
 

6.3.4 Reverse gravure coatings 

The latex dispersions and blends were coated onto the substrate papers with 
a MiniLabo reverse gravure coater (Yasui Seiki Co., Japan). The used 
microgravure roll had 120 lines per inch and a 65 μm depth, giving an 
approximate wet thickness of 5–11 μm (transfer fraction was 0.28). A typical 
coating web speed was 0.5 m min−1 and the rotation speed of the gravure roll 
25 rpm. Two 1 kW IR driers provided sufficient drying power to provide the 
intended nanostructure. 
 

6.3.5 Infrared drying and sintering 

The nanostructured surface texture was finalised by irradiating the latex 
coating with a short-wavelength infrared (IR) heater (IRT systems, Hedson 
Technologies AB, Sweden) which caused partial annealing of the PS beads.  
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6.4 Surface characterisation 

The manufactured substrates were characterised for their physico-chemical 

properties including wetting, surface chemistry and topology. 

 

6.4.1 Contact angle measurements 

Equilibrium contact angles, 𝜃𝑎 , were determined on washed and dried 
surfaces with a CAM200 goniometer (KSV Instruments Ltd, Finland). The drop 
size used was 2 µL (1.4 µL for DIM). The drops were dispensed on the surface 
and the contact angle was recorded for 15–25 seconds, typically at a capture 
rate of 1 frame per second. Occasionally higher capture rates were used (4 
frames per second, Paper I). To determine the surface energies, three liquids 
were used: Milli-Q water, diiodomethane (DIM), and ethylene glycol (EG). The 
contact angles of the droplets were determined frame by frame with a 
software supplied with the instrument, which uses a Young-Laplace fitting 
method to the drop silhouette curvature. 
  
The measured average apparent water contact angles at equilibrium were 
corrected for roughness using the Wenzel equation, with the developed 
surface area, 𝑆𝑑𝑟 , as the experimental roughness parameter for calculating 
factor 𝑟 [45]. Surface energies were calculated with either the Owens-Wendt-
Rabel-Kubelka (OWRK), or van Oss-Chaudhury-Good (vOCG) methods. 
Surface tension values of the probe liquids in the calculations were those 
suggested by van Oss-Chaudhury-Good [207]. 
 

Table 1 — Surface tension components (at 20 °C) of three probe liquids — water, 
DIM and EG — for determining the surface energy of a surface with contact 
angle measurements as suggested by van Oss, Chaudhury and Good [207]. 

Liquid 𝜸𝑳𝑾  
[mJ m-2] 

𝜸𝑨𝑩   
[mJ m-2] 

𝜸+  
[mJ m-2] 

𝜸−  
[mJ m-2] 

𝜸𝒕𝒐𝒕   
[mJ m-2] 

Water 21.8 51.0 25.5 25.5 21.8 
DIM 50.8 0 0 0 50.8 
EG 29 19 1.92 47.0 48 
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6.4.2 Atomic force microscopy 

Topographical imaging of the surfaces was conducted with Bruker's 
Nanoscope V MultiMode 8 atomic force microscope (Bruker, USA). Typically, 
5 μm by 5 μm images with a resolution of 1024 by 1024 pixels were captured 
at a scan speed of 0.391–1.00 lines per second. For Paper II, 512 by 512 pixels 
images were used instead. For Paper I and Paper III the cantilevers used were 
of type NSG10 (NT-MDT, Russia), with a nominal tip radius of 10 nm and 8 nm, 
respectively. For Paper II NSG01 (NT-MDT, Russia) cantilevers with a nominal 
tip radius of 10 nm were used.  
 
For Paper I the stiffness of some of the bimodal blends in liquid was measured 
with a JPK Nanowizard II AFM (Germany). These 2 µm by 2 µm force volume 
images were captured with a resolution of 55 by 55 pixels. For these 
measurements, TESP cantilevers (8 nm nominal tip radius; Bruker, USA) were 
used. 
 
The Scanning Probe Image Processor (SPIP) software by Image Metrology 
(Denmark) was used for image analysis. The same software was used to 
determine surface roughness values. In all cases, filtering of the obtained 
topographs was conducted with the software's Gaussian filter (ISO 11562). An 
LMS-fit (zeroth degree) was also applied when necessary.  
 

6.4.3 Barrier testing 

The barrier properties provided by the latex coatings were tested with a 
modified prism-based method [13] in Paper III. This involved using a glass 
prism to detect time-dependent changes in the refractive index of the sample 
when exposed to solvents. Tests were done with three types of solvents: 
deionized water, ethanol, and vegetable oil. The images obtained during the 
experiment were analysed with an open-source Java image processing 
program FijiImageJ [14], [15]. 
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6.5 Microbiological methods 

6.5.1 Staphylococcus aureus culture 

Clinical biofilm-forming strain Staphylococcus aureus (ATCC 25923) was 
stored at -80 °C with 15% glycerol added. An inoculation of S. aureus stock 
was added onto a tryptic soy agar plate (TSA, Neogen®, Lansing, Michigan, 
USA) and incubated at 37 °C for 18 h. Liquid bacterial cultures were obtained 
by transferring single colonies of S. aureus into 100 mL of tryptic soy broth 
(TSB, Neogen®, Lansing, Michigan, USA), and then incubated in aerobic 
conditions for 16–18 h (220 rpm, 37 °C) until bacterial growth reached 108 
colony-forming units (CFU)/mL. The bacterial density was determined 
optically with a Multiskan Sky microplate spectrophotometer (Thermo 
Scientific, Vantaa, Finland at 595nm), followed by viable cell counting on TSA 
plates. 
 
Each surface was assessed with two biological repetitions of three replicates, 
each in every biofilm quantification assay. Uncoated borosilicate glass 
coverslips were used as surface controls. 
 

6.5.2 S. aureus cultivation assays 

6.5.2a Agar plate assay 

For the agar plate-based assay performed in Paper II, the colonisation of S. 
aureus onto the latex surfaces was conducted according to recently reported 
protocols [208]. Shortly described, 1.5 mL bacterial suspension (1:10 dilution 
of the bacteria culture in TSB, approx. 107 CFU/mL) was distributed uniformly 
over a sterile Whatman filter paper (diameter 70 mm, GE Healthcare, Little 
Chalfont, UK) on a TSA plate (100 mm by 17 mm, Nunclon™ Delta). The 
studied surfaces were sterilised by immersing for 10 min in 99% EtOH and air 
dried, and then placed on top of the filter paper, with the coating side in 
contact with the culture. Bacterial attachment was allowed for 24 h in 
humidified conditions at 37 °C.  
 

6.5.2b Microtiter plate assay 

For the microtiter plate-based assay in Paper II, ethanol-sterilised latex coated 
coverslips were placed (coating side facing upward) in flat-bottomed 12-well 
plates (NunclonTM Δ surface, Thermo Scientific, Roskilde, Denmark), and 1.5 
mL of S. aureus bacterial suspension (estimated 107 CFU/mL) was added. The 
bacteria were allowed to incubate 24h at 37 °C under aerobic conditioning 
with shaking (220 rpm).  
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6.5.3 Counting viable cells 

The biofilms grown on each surface in Paper II were detached by vortexing 
and sonication, and the loosened cells rinsed off with TSB. These were then 
transferred to a Tween® 20-TSB at 0.5% (w/v) solution (5 mL), vortexed 
twice for 10 s, with a 5 min sonication treatment (at 25 °C, 35 kHz) in a water 
bath (Ultrasonic Cleaner 3800, Branson Ultrasonics, Danbury, CT, USA) in 
between. Afterwards, the bacterial solution was subjected to 10-fold serial 
dilutions with TSB and plated on TSA plates. Colony forming units (CFU) were 
counted after 18 h of incubation of the agar plates at 37 °C and given as CFU 
per cm2.  
 

6.5.4 PNAG quantification 

In Paper II, the formed PNAG quantities were measured using Wheat Germ 
Agglutinin Alexa Fluor® 488 conjugate (WGA, Molecular Probes Inc., Eugene, 
OR, USA) and by using a modified version of the protocol described by 
Skogman et al. [209]. The biofilms formed on the latex surfaces and glass 
reference samples during the 24 h incubation (according to 6.5.2) were 
soaked in sterile phosphate buffered saline (PBS) to remove loose cells and 
placed, coating side up, into a 24-well plate. A WGA-staining solution (15 
µg/mL) was added to each well, and the dyes were fixed at 4 °C in darkness 
for 2 h. The samples were then washed thrice with PBS and air-dried at RT. 
The surface samples were then sonicated for 30 s (25 °C, 35 kHz) in 1 mL of 
33% acetic acid, re-incubated at 37 °C for 1 h, and sonicated again for 30 s. 
Finally, 200 µL of the remaining suspension was transferred to 96-well plates 
for fluorescence measurements (excitation at 495 nm, emission at 520 nm) 
using a Varioskan™ LUX Multimode microplate reader (Thermo Scientific, 
Vantaa, Finland). The fluorescence signals were blank corrected for each latex 
blend. 
 

6.5.5 Measurement of protein concentrations 

For the protein studies in Paper II, the surface proteomes of the biofilms 
grown on the latex blends (30%, 50% and 60% PS) and the glass coverslip 
reference were cleaved off using trypsin shaving. To do this, 24 h old biofilms 
were grown on the samples using both biofilm assays. This method was based 
on a previously disclosed approach [210]. Here, films were first scrape-
harvested with a 100 mM triethyl ammonium bicarbonate solution (TEAB, pH 
8.4) supplemented with 16% w/v sucrose and centrifuged (4 °C, 8 000×g, 3 
min). The cells were then re-suspended in 90 µL of a TEAB-sucrose solution 
(as above) with added trypsin (sequence grade modified porcine trypsin 
(Promega, Madison, WI, USA); 𝑐𝑓𝑖𝑛 40 ng/L) and incubated for 30 min at 37 °C. 

These digestions were again centrifuged (RT, 4 000×g, 3 min) and purified 
with 0.22 µm membrane filters (Costar® Spin-X Centrifuge Tube Filter, USA) 
and centrifuged yet another time (RT, 16 000×g, 2 min). After a 12 h 
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incubation at 37 °C trypsin was deactivated by trifluoroacetic acid (𝑐𝑓𝑖𝑛 0.6% 

w/v; Merck, Darmstadt, Germany). 
 
Protein detection was performed by a µDrop™ Plate (Thermo Scientific, 
Vantaa, Finland) on a Multiskan Sky microplate spectrophotometer. A 
comparison of cell counts before and after the trypsin shaving was done to 
confirm that cell integrity was maintained during the procedure.  
 

6.5.6 Protein identification 

In Paper II, the tryptic peptide samples produced were concentrated and 
purified with ZipTip C18 resin (Millipore®, Merck, Darmstadt, Germany), and 
then analysed with LC-MS/MS according to [211], [212]. This involved passing 
the purified peptides through an Easy-nLC 1000 nanoflow liquid 
chromatography (LC) system (Thermo Scientific, Waltham, MA, USA) with a 
quadrupole Orbitrap mass spectrometer (Q Exactive™ Plus, Thermo Scientific, 
Waltham, MA, USA) equipped with a nano-electrospray ion source (Easy-
Spray™, Thermo Scientific, Waltham, MA, USA). The LC separation was 
performed with a C18 column with a flow rate of 300 nL/min. The peptides 
were eluted in a solvent gradient of 2% – 30% (99.9% acetonitrile, 0.1% 
formic acid) for 60 min. To identify proteins, the MS data was processed with 
the MaxQuant software 1.6.2.1 [213]. The first search of mass tolerance was 
set to 20 ppm and the main search of mass tolerance to 4.5 ppm. Two missed 
cleavages were allowed. The minimal unique + razor peptides number was set 
to 1, false discovery rate (FDR) to 1% for peptide and protein identification, 
and a label-free quantitation (LFQ) with default settings was performed [214]. 
Protein intensities were expressed as log2. Only proteins expressed in at least 
2/3 replicates were considered valid identifications. 

 

6.6 Cell biological methods 

6.6.1 Cell culture 

In Paper I, human dermal fibroblast (HDF) cells were used in the cell studies. 
In Paper III, both HDF and cervical cancer cells (HeLa) were used. In Paper I 
the seeding density was 5∙105 cells. In Paper III the seeding densities were 0, 
1 × 103, 3 × 103, 5 × 103, 10 × 103, 15 × 103, 20 × 103, 30 × 103 cells in either 
100 µL cell medium (DMEM) in the paper-based platform wells or 200 μL 
medium (DMEM) in the commercial plastic microtiter plate wells. 
 

The HDF and HeLa cells were obtained from ATCC (Manassas, VA, USA) and 
preserved in DMEM medium (Sigma-Aldrich, USA) supplemented with 10 % 
foetal calf serum (BioClear, Wiltshire, UK), 2 mM L-glutamine, 100 U/mL 
penicillin, 100 µg/mL streptomycin at 37 °C in a 5% CO2 / 95% O2 and 90 RH% 
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atmosphere and kept under sterile conditions in a cell culture incubator. The 
cells were passaged three times a week at a 1:3 split ratio and cultured under 
20 passages to maintain normal phenotype. 
 

6.6.2 Cell staining protocol 

In Paper I, the HDF cells were seeded onto the substrates and grown for 96 h. 
In Paper III, the cell growth of HDF and HeLa cells was analysed at three 
different end points: 24 h, 48 h or 72 h by staining. Prior to staining, the cells 
were washed with phosphate buffered saline (PBS). Staining was done using 
a staining solution (0.2% crystal violet: 2% ethanol: 97.8% MilliQ water) for 
10 min at RT, after which excess dye was removed by rinsing with MilliQ water. 
The samples were then dried.  
 

6.6.3 Cell readout 

To obtain cell data in Paper I, the crystal violet dye was re-solubilised in 2% 
sodium dodecyl sulphate (SDS) and the absorbance of each well read at 570 
nm with a HIDEX micro plate reader (Finland). To obtain a comparable end-
point measurement of cell growth on different materials of interest, the 
absorbance of each sample was normalised to the mean value of the glass 
coverslip samples. 
 
To analyse the biofilms in Paper III, the stained paper-based platforms were 
scanned with an office scanner (CanonScan LiDe 120, Canon) at a 600-dpi 
resolution and analysed using an in-house analytical software. For analysing 
the number of cells in the multi-well plates, the crystal violet dye was re-
solubilised in 2% SDS and the absorbance of each well was determined at 570 
nm using a Hidex Sense Beta Plus microplate reader (Hidex Oy, Turku, 
Finland).  
 

6.6.4 Phase contrast imaging of cells 

For phase contrast imaging of the cells with CellIQ (CM Technologies, Finland), 
HDF and HeLa cells were seeded (seeding density of 5∙105 cells) onto glass 
cover slips and coated glass cover slips placed in 24-well plates. The used cell 
media was DMEM. Prior to seeding, the samples were sterilised using 70% 
ethanol. From the cover slips a 3 × 3 phase contrast image raster was imaged 
at 6 h intervals over a period of 72 h, starting 24 h after seeding. The total 
incubation time was 96 h. 
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6.7 Statistical methods 

In Paper I, the HDF data was statistically analysed with GraphPad Prism® 6.0 
(San Diego, California, USA). The GraphPad Prism® 8.0 software was used for 
analysing the results from the stained cell cultures in Paper III, both from the 
microplate reader and the paper scans. 
 
Statistically significant differences (p<0.05) in bacterial colonisation 
parameters, number of colonies and PNAG-fraction between the latex surfaces 
were determined using Welch and Brown-Forsythe analysis of variance 
(ANOVA) with Tamhane’s T2 post-hoc means separation test executed by 
GraphPad Prism (version 8.0.0). The assays were compared by evaluating the 
assay repeatability through standard deviations (STD) and coefficient of 
variation (CV), the STD divided by the mean measurement of the biofilms 
formed on the control glass surface [215].  
 
In Paper II the roughness parameter errors were given as a 99% confidence 
interval (CI), rather than as STD. The coefficients of determination were 
obtained using Origin (Origin2020, Version Number 9.7.0.188. OriginLab 
Corporation, Northampton, MA, USA).  
 
In the abundance analysis of the proteome data in Paper II, any missing label-
free quantitation (LFQ) values were ascribed by random draws from a low 
abundance-adjusted distribution, and then normalised to the relative 
abundances of proteins using Z-scores, as obtained from the Perseus software 
(version 1.6.5.0). This software was also used for ANOVA analysis of the 
differential expression of the proteome of the different biofilms. In this case 
three replicates per sample were used based on their log2-transformed LFQ 
abundances. A permutation-based false discovery rate of 0.1 was applied in 
this exploratory analysis of statistically significant differences among the 
samples. For studying the interactions of the proteins detected and to do a 
functional enrichment analysis (FDR < 0.05) the STRING database (version 
11.0) was used [216]. The strength of the correlation between protein 
abundances and surface properties was evaluated first with a manual 
subjective screening and then with the R-squared and adjusted R-squared 
values obtained from curve fitting with the Origin software. Additionally, 
Pearson's chi-squared test and Student’s t-test were calculated for the 
correlations, with a further cut-off value for Pearson’s r at |0.8|. 
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7. Results and discussion 

The common denominator of the studies conducted for this thesis is the use 
of nanostructured polymer coatings for cell studies and cell study applications. 
These surfaces and their properties, applied on different substrate materials, 
are described first. Then the results obtained from investigations on protein 
adsorption and Staphylococcus aureus adhesion are described (S. Paper I). 
After this, the formation of S. aureus biofilms (Paper II) as well as the 
proliferation of HDF and HeLa cells (Paper I and unpublished data), are 
discussed and related to the surface properties of the polymer films. Finally, 
the deployment of the polymer coatings in a tuneable analysis platform is 
presented (Paper III and S. Paper II). These sections are concluded with a brief 
commentary on aspects that can be developed, including future prospects. 
 

 

7.1 The nanostructured latex surfaces 

Polymer coatings were prepared from dispersions of two latices, both 
commercial and synthesised, as a bimodal mixture or as individual 
components. By varying the blend ratio, the nanostructure and surface energy 
of the coatings could be tuned. The manufacturing processes and methods for 
making these surfaces were discussed in Part 6. In this part, the topography 
of these surfaces is described first, followed by the surface chemistry and 
wetting as the second important properties. These physical and chemical 
properties define the functionality of the surfaces.  
 
 

7.1.1 The topography of the polymer films 

Different topographies were obtained by mixing the latices in different ratios. 
However, the topography was also influenced by the heat treatment. The 
coating and IR-treatment procedures are described in Part 6. The formation 
of the obtained nanostructures was dependent on both the relative 
abundances of the two components, their Tg and their particle sizes, but also 
surfactants present. The constituents of the dispersion ultimately also 
influenced the coatability and adhesion of the films [199], [200], [202].  
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Figure 15 — Representative AFM images (5 µm × 5 µm, 512 px × 512 px) of latex 
surfaces on glass after heat treatment. The blends (given as percentage of PS in 
the PS:ABS blend) are A. 0% PS (height scale Z = 45.19 nm), B. 20% PS (Z = 76.89 
nm), C. 40% PS (Z = 100.2 nm), D. 60% PS (Z = 141.2 nm), E. 80% PS (Z = 48.92 
nm) and F. 100% PS (Z = 35.85 nm). The height scales are magnified by a factor 
of 3 to more clearly visualise the topography.  

 
In the blend films, the ABS component has a low Tg (8-10 °C), while PS has a 
high Tg (105 °C). When a mix of these two is coated onto a substrate, ABS forms 
a film whereas PS particles retain their spherical shape and appear as high 
peak areas in the coating. A heat treatment partially anneals the PS particles, 
causing some neighbouring PS beads to adjoin and result in a partial flattening. 
An increasing PS content in the dispersion results in an increased number of 
PS ‘hills’ (Figure 15A,B). At a moderate PS content, most of the surface is 
covered by PS and the PS beads pack more tightly (Figure 15C,D). Increasing 
the PS content beyond this, the topographical variations come primarily from 
valleys between annealed PS clusters (Figure 15E,F). The packing and 
annealing cause the characteristic nanostructure of the films. 
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Figure 16 — Changes in a selected set of roughness parameters of the 
nanostructured surfaces coated on glass as the PS content is varied. A. The RMS 
roughness, Sq, and effective surface area, Sdr.  B. The autocorrelation length, Scl37, 
and density of summits, Sds. C. The peak and valley contributions compared as 
variations in reduced peak height (Spk, in black) and reduced valley height (Svk, 
in red); and D. the reduced peak height to reduced valley depth ratio (Spk/Svk). 
Error bars indicate the 99% CI. 

 

In Figure 16, the change in roughness with PS content is described with a few 
roughness parameters for latex coatings on a borosilicate glass coverslip. A 
more thorough listing of the variations in roughness is found in Table 2–Table 
4. These roughness values could also be compared to Figure 15. In Figure 16A 
both Sq and Sdr have a similar trend: a pure ABS surface (0% PS) is the flattest, 
and as more PS is added, height variations and the surface area increase. Sq 
and Sdr both reach a maximum at intermediate blend ratios. The increase in 
roughness can then be attributed to an increasing number of PS beads, hill 
areas, filling up the surface. Both Sq and Sdr decrease when the PS content is 
further increased up to 100%. These pure, annealed PS coatings are almost as 
smooth as the ABS film. At high PS content the height variations stem from 
valley areas forming between clusters of PS. Figure 16C illustrates this, by 
showing that Spk increases already at lower PS% than the Svk — this occurs 
immediately when any PS is introduced. Only when the surface is largely 
covered by PS, at intermediate blends, Svk increases. It is also interesting to 
note that for these surfaces Svk is larger than Spk (three-fold, at their respective 
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highest values, Table 2 – Table 4). Their relationship is well illustrated by the 
ratio Spk/ Svk, Figure 16D, which can be used for comparing the peak and valley 
character of a surface. Other examples of the characteristics of the surface 
textures are described with the parameters Scl37 and Sds (Figure 16B, Table 2 – 
Table 4). Both parameters relate to the distribution of heights in the lateral 
direction. Sds measures the number of local maxima per area, whereas Scl37 the 
separation between them. Thus, a high Sds should indicate a low Scl37, as also 
is seen for these latex surfaces, but for more structurally heterogeneous 
surfaces they might deviate, as can be seen for the 60% PS and 70% PS 
surfaces.  
 
 

Table 2 — Roughness parameter (those primarily used in this thesis) values with 
99% CI for the 0–30% PS surfaces drop cast on glass.   

 0% PS 20% PS 30% PS 

Param. Mean CI Mean CI Mean CI 

Sa 0.85 0.08 3.03 0.28 4.78 0.27 

Sq 1.31 0.19 4.08 0.39 6.13 0.37 

Ssk 2.07 1.68 1.26 0.27 0.98 0.30 

Sku 27.98 41.44 6.39 1.19 5.76 4.55 

S10z 22.82 7.59 44.59 5.44 60.09 12.33 

Sds 1744 188 1516 308 849 132 

Sdr 0.35 0.05 1.26 0.41 1.38 0.21 

Spk 2.96 0.64 8.11 1.18 10.22 1.00 

Sk 2.06 0.15 7.53 0.88 12.89 0.64 

Svk 1.26 0.18 2.46 0.35 3.35 0.35 

Sfd 2.33 0.02 2.21 0.04 2.14 0.01 

Scl37 60.43 9.46 108.04 9.38 111.48 5.39 
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Table 3 — Roughness parameter values (those primarily used in this thesis) with 
99% CI for the 40–60% PS surfaces drop cast on glass.  

 40% PS 50% PS 60% PS 

Param. Mean CI Mean CI Mean CI 

Sa 7.44 0.24 11.23 0.63 10.72 0.98 

Sq 9.06 0.30 14.41 0.64 14.54 1.06 

Ssk -0.05 0.16 -1.02 0.19 -1.45 0.32 

Sku 2.86 0.32 3.98 0.44 6.10 0.91 

S10z 66.85 8.58 100.5 4.9 128.1 18.7 

Sds 430 102 373 122 632 154 

Sdr 2.14 0.16 6.10 0.41 8.86 0.97 

Spk 8.25 1.41 8.32 1.24 8.61 2.28 

Sk 24.70 1.33 26.15 3.65 20.86 4.55 

Svk 7.18 0.97 24.97 2.09 31.31 3.39 

Sfd 2.08 0.02 2.04 0.03 2.10 0.03 

Scl37 105.57 2.33 93.63 3.51 79.76 6.04 

 
 
 

Table 4 — Roughness parameter values (those primarily used in this thesis) with 
99% CI for the 70–100% PS surfaces drop cast on glass.  

 70% PS 80% PS 100% PS 

Param. Mean CI Mean CI Mean CI 

Sa 5.48 0.44 3.21 0.74 2.65 0.41 

Sq 7.85 0.44 4.34 0.93 3.45 0.52 

Ssk -2.01 0.37 -1.34 0.43 -0.75 0.20 

Sku 11.43 2.91 8.94 3.75 7.16 2.61 

S10z 96.9 5.3 53.5 10.3 42.7 6.0 

Sds 2881 332 1167 317 1322 175 

Sdr 5.88 0.68 0.91 0.30 0.75 0.14 

Spk 4.82 0.47 3.84 1.04 3.43 0.56 

Sk 14.09 1.81 8.79 2.13 8.19 1.34 

Svk 15.08 1.01 7.32 1.47 4.42 0.56 

Sfd 2.17 0.01 2.17 0.03 2.18 0.01 

Scl37 89.81 6.33 103.4 4.53 102.3 7.61 
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Figure 17 — AFM images (5 µm x 5 µm) of the paperboard substrate used (A.), 
as well as the substrate being coated with B. the PS:ABS blend (50:50 blend 
ratio), C. the L05:L02 blend (50:50 blend ratio) and D. the L01:L02 blend  (50:50 
blend ratio), used in Paper III. The height scale is magnified by a factor of 2. 
Reprinted from Paper III with permission by the RSC, the copyright holder. 

   
The latex films used in Paper III were coated on a paperboard rather than the 
glass substrates (Figure 17). This publication also introduced coatings of the 
synthesized latices. Some roughness values of these surfaces are listed in 
Table 5. In comparison to the previously discussed 50% PS coating on a glass 
substrate, a paper support resulted in a significantly rougher surface — the Sq 
and Sdr being 14 nm respectively 6% on glass, and 23 nm respectively 25% on 
paperboard. Coatings on paperboard also showed a higher number of 
summits, 570 µm-2 compared to 373 µm-2 on glass. The uncoated paperboard 
was rougher yet before coating. Using the same descriptors show an over 
twice as high Sq (52.8 nm) and 3.5 times higher effective surface area 
(Sdr=85.9%) than after coating. This rougher texture could be arising from the 
underlying substrate, even though it appeared to be completely covered by 
the nanostructure familiar from Figure 15. Differences in manufacturing the 
surfaces were both the coating technique and the IR treatment, which most 
probably also contributed to variations in the topography.  
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Table 5 — Roughness values for uncoated paperboard, and paperboard coated 
twice with the three different latex blends used in Paper III. The table includes 
means and STD of the data. 

 
Unc. Board 50% PS L01:L02 L05:L02 

Param. Mean STD Mean STD Mean STD Mean STD 

Sa 40.4 6.5 19.6 0.4 10.8 0.2 2.6 0.04 

Sq 52.8 7.6 23.2 0.2 13.4 0.2 3.30 0.06 

Ssk -0.53 0.10 -0.85 0.13 -0.41 0.05 0.52 0.16 

Sku 4.19 0.53 2.96 0.27 2.99 0.13 3.75 0.24 

S10z 489 57 155 26 92 2 28 1 

Sds 232 41 570 64.6 610 24 1955 197 

Sdr 85.9 16.6 24.7 0.9 1.87 0.13 0.31 0.01 

Spk 50.7 5.2 11.2 3.5 11.1 0.6 4.7 0.3 

Sk 117 22 34.8 3.5 33.2 0.9 7.8 0.3 

Svk 72.1 6.6 41.0 4.3 15.4 0.3 2.4 0.3 

Sfd 2.18 0.03 2.22 0.02 2.02 0.03 2.19 0.04 

Scl37 117 4 83 3 145 18 173 11 

 
 
The synthesised latices, L-01, L-02 and L-05, had slightly different particle 
sizes and Tg than the commercial ones.  L-01 and L-05 both had a Tg of 100 °C, 
and their particle sizes were approx. 150 nm respectively 250 nm. Both were 
used together with the film-forming, low-Tg L-02 which had a Tg of 16 °C and 
a particle size of about 300 nm. These contributed to different roughness 
properties than the PS:ABS blend when coated onto paper. Using the same two 
parameters, the L-01:L-02 was slightly rougher with an Sq of 13 nm and Sdr of 
2%, while coatings with the L-05:L-02 resulted in quite a smooth surface with  
Sq 3 nm and Sdr 0.3%.  
 
The AFM topographs shown in Figure 17 illustrate the differences between 
the coatings. The surface of the L05:L02 shows the high-Tg particles separated 
by the low-Tg component (Figure 17C). This appears also true for the L01:L02 
(Figure 17D), but for these films the high-Tg components appear to have 
settled so that they form protruding arrangements on the film surface. By 
contrast, the L05:L02 appears to have formed a very even, smooth 
arrangement. As on glass, the high-Tg commercial latex blend (Figure 17B) 
was able to anneal giving the characteristic topography. 
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7.1.2 The surface energy of the studied surfaces 

As was described in the background section, a change in topography can often 
be accompanied by a change in surface chemical properties. Variations in the 
latter could even be expected when using a bicomponent film in different 
mixing ratios. In either case it is also important to establish all properties 
relevant for cell-surface interactions.  
 
Wetting on, and the surface energy of, the pure commercial latices and two 
reference surfaces, PDMS and a Cellstar® well plate bottom, were first 
investigated in Paper I. A more detailed study of the surface energy variations 
with PS:ABS blend ratio was executed in Paper II. In Paper III, the same 
coatings were investigated being curtain coated, rather than drop cast, onto 
BKS paperboard in addition to some other surfaces relevant to the paper 
platform. These surfaces were reference paperboard, two synthesised latex 
blends, and wax (ColorQube®). In all cases the surface chemistry was 
determined from the contact angles of MilliQ water, EG and DIM using either 
the OWRK (Paper I and Paper III) or vOCG methods (Paper II), with surface 
tension values as suggested by van Oss-Chaudhury-Good [207] (Table 1). The 
water contact angles were measured after a thorough wash of the surfaces 
with MilliQ water to remove surfactants migrating to the surface during 
drying and heating [201]. The results of the contact angle measurements on 
the surfaces used in this thesis and the surface energy values determined from 
them are summarised in Table 6.   
 
Pure ABS surfaces (denoted as 0% PS surfaces) were slightly hydrophilic with 
a water contact angle of 71.8° (±4.1°). They had a negative polar surface 
energy component, being approx. 11 mJ m-2, no polar positivity, and an overall 
surface energy of 43.1 mJ m-2, the main contribution coming from the 
dispersive surface energy. Pure PS surface (here 100% PS) had a similar total 
surface energy (44.6 mJ m-2) but was nearly non-polar with the only polar 
component of the surface energy being the small, 0.7 mJ m-2, negative 
component. Its water contact angle was also higher, being neither hydrophilic 
nor hydrophobic (90° ±16.2°). The large measurement error for the 100% PS 
surface was a result of microscopic cracking, with sizes beyond what could be 
captured by the AFM. This cracking is typical for high Tg latex films, and is 
caused by capillary tensions in the film during drying [217]–[219]. It could 
also be seen in the bicomponent films with approx. 80% and higher PS 
dispersion content. 
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Table 6 — A summary of the measured contact angles of MilliQ water, EG and 
DIM on surfaces investigated in the scope of this thesis, and the surface energies 
determined from them using the vOCG method. The error shown is the STD. All 
contact angle values are roughness-corrected (Equations 7 and 9). 

 
Surface 
 

Substr. Contact angles [°] Surface Energy [mJ m-2] 

  Water EG DIM Disp
. 

Pol- Pol+ Tota
l 

BKS — 65 ± 2 64 ± 1 71 ± 4 22.3 33.0 0.0 23.9 
PDMS — 114 ± 1 92 ± 2 96 ± 1 10.1 0.6 0.3 11.0 
ColorQube 
Wax (black) 

Paper-
board 

109 ± 1 85 ± 1 59 ± 1  29.2 1.0 0.7 30.9 

PS Glass 
coverslip 

90.2 ± 16.2 45.7 ± 21.4 29.3 ± 11.5 44.3 0.7 0.0 44.6 

ABS Glass 
coverslip 

71.8 ± 4.1 38.6 ± 9.4 34.3 ± 5.6 42.2 11.1 0.0 43.1 

PS:ABS 
(20:80) 

Glass 
coverslip 

73.4 ± 3.4 41.9 ± 7.1 33.9 ± 7.8 42.1 10.4 0.0 42.2 

PS:ABS 
(40:60) 

Glass 
coverslip 

76.3 ± 6.6 46.9 ± 9.4 40.4 ± 8.4 38.4 9.8 0.0 38.4 

PS:ABS 
(50:50) 

Paper-
board 

77 ± 3 50 ± 3 53 ± 2 32.6 10.5 0.1 34.6 

PS:ABS 
(60:40) 

Glass 
coverslip 

74.5 ± 6.7 41.8 ± 8.7 35.8 ± 5.0 39.1 10.1 0.0 39.1 

PS:ABS 
(80:20) 

Glass 
coverslip 

79.9 ± 3.5 44.4 ± 10.2 31.7 ± 6.4 43.0 5.7 0.0 43.0 

L01-L02 Paper-
board 

73 ± 1 73 ± 1 61 ± 3 28.0 11.7 1.0 34.9 

L05-L02 Paper-
board 

73 ± 2 76 ± 1 61 ± 3 28.0 10.2 1.5 35.8 

Well plate — 59 ± 3 51 ± 3  29 ± 3 44.6 13.5 1.1 52.5 

 
 
For bicomponent films with low PS content, the water contact angle was 
observed to be rather stable at 72°–77°. Above 60% PS the surface turned 
progressively less hydrophilic, the contact angle being 80° at 80% PS, and was 
near-hydrophobic at 100% PS with a contact angle of approx. 90.2°. The 
change in contact angle at high PS content surfaces was associated with a 
reduction of the polar negative surface energy component from 
approximately 11 mJ m-2 to negligible. This is probably due to a thin film of 
the low Tg component covering the whole surface, when its relative 
abundance is sufficient. As the relative content of PS increased, less ABS was 
available to cover the whole area and the highest areas remained uncovered. 
Another surface energy variation was seen in the dispersive surface energy 
component of the films. For average blend ratios (approx. 40–60% PS) this 
was observed to decrease the surface energy slightly, going from ca 42 mJ m-2 
to 38 mJ m-2 on glass. On paper, the 50:50 blend showed even lower dispersive 
surface energies, 32.6 mJ m-2. This could be due to an increased contact area 
caused by waviness of length scales larger than what the AFM can detect and 
would therefore be unaccounted for by the roughness correction with the Sdr 
parameter. 
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Wetting on the synthesised latices L01:L02 and L05:L02 was similar to the 
commercial surfaces (CAH20 ≈ 73°). The total surface energy profile was also 
similar to their commercial counterpart, the 50% PS, when coated on paper, 
with total surface energies of 34.9 mJ m-2 to 35.8 mJ m-2, compared to 34.6 mJ 
m-2. Similar was also their polar negative surface energy, at 11.7 mJ m-2 and 
10.2 mJ m-2

, compared to the commercial 50% PS blend’s 10.5 mJ m-2. Their 
polar positive components were larger, however, being 1.0 mJ m-2 for the 
L01:L02 and 1.5 mJ m-2 for the L05:L02. The 50% PS on paper had a negligible 
base character. All three cases should eventually be compared to the 
commercial plastic well plate, given the application they should serve in. The 
standard comparison sample was of brand Greiner Cellstar®, chosen 
arbitrarily among commonly available brands. Its PS surface showed a 
generally higher surface energy — the components being 𝛾𝑡𝑜𝑡  = 52.5 mJ m-2, 
𝛾𝑑𝑖𝑠𝑝 = 44.6 mJ m-2, 𝛾− = 13.5 mJ m-2 and 𝛾+ = 1.1 mJ m-2. Wetting on the 
commercial well plate was also higher than on any of the latex coatings (𝜃H20 

≈ 59° on the commercial well plate compared to 70–80° on the used latices). 
As a further comparison, moderately hydrophilic surfaces (40–60°) have been 
shown to promote cell spreading [3]. Hydrophobicity (and low polarity) has, 
on the other hand, been observed to improve Schwann cell adhesion and 
proliferation [3], [220]. Protein adhesion is also poor to hydrophilic surfaces 
( 𝜃 H20 ≤ 60–65°) [43], [221]. These differences can therefore cause quite 
different responses in the cells. 
 
In Paper III, other materials used were the hydrophobic ColorQube wax and 
PDMS. These were used to limit the wetting to the hydrophilic non-print areas, 
where the nanostructured latex surface was exposed (Paper III). Other than 
their wetting behaviour, the wax and PDMS surfaces were surface 
energetically rather different. PDMS is a very low energetic and nearly non-
polar surface (𝛾𝑡𝑜𝑡=11.0 mJ m-2, 𝛾−=0.6 mJ m-2 and 𝛾+= 0.3 mJ m-2). The wax 
had a much higher 𝛾𝑡𝑜𝑡 than PDMS, being 30.9 mJ m-2 — and in fact a higher 
𝛾𝑑𝑖𝑠𝑝 =29.2 mJ m-2 than the synthesised latices. Their hydrophobicity, and in 
the case of PDMS also the low surface energy, directed the cell adhesion to the 
bottom surfaces, i.e. the different lattices [165], [174], [175]. 
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7.2 Protein interactions with the nanostructured 
latex polymer coatings 

 
Since cellular and bacterial adhesion is preceded by adsorption of proteins, 
studies of the interactions of proteins with the investigated biomaterials can 
give clues to their performance at a biological interface. Thus, in S. Paper I, the 
adsorption of avidin protein onto the nanostructured bicomponent latex 
surfaces was investigated (Figure 18A). This study also investigated other 
proteins. This was done by first using a 350 µg ml-1 avidin solution to study 
the loading capacity of avidin on three surfaces — 0%, 50% and 60% PS. The 
protein loading was observed to increase with PS content in the film, being 
approx. 470 ng cm-3 for 0% PS, 520 ng cm-3 for 50% PS and 590 for 60% PS 
(Figure 18B). Differences in adsorption were considered to be a result of 
surface topography, specifically Sdr. Large surface area has been associated 
with high protein loading [43]. Further, differences in surface chemistry have 
been observed to alter the alignment of the adsorbed proteins, changing the 
packing density [83]–[86]. The effect of surface properties was also seen as 
variations in the available binding sites of pre-adsorbed avidin when biotin-
bovine serum albumin (BSA) binding was measured. In this case the 50% PS 
surface showed least binding of biotin BSA per avidin (1.27), slightly more on 
the 60% PS (1.45) and a binding of nearly 2 on the 0% PS. This underlines the 
varying activities of avidin adsorbed onto surfaces with different properties, 
which is likely due to conformational variations of the adsorbed proteins 
which can hide or expose active sites on the adsorbed proteins. 
 
The investigation also looked at the arbitrating role of pre-adsorbed avidin on 
Staphylococcus aureus adhesion (Figure 18). In this short bacterial adhesion 
test (2 h at 37 °C), S. aureus preculture solution (1·108 CFU mL-1 in TSB) was 
inoculated onto TSA plates. Into these plates, the samples that were to be 
studied (0% PS, 50% PS and 60% PS — both coated and uncoated with avidin) 
were placed. A PDMS substrate was used as a reference to which bacterial 
adhesion is poor.  This has been attributed to both the smoothness and low 
surface energy of PDMS [175]. Glass was used as another reference. After 
incubation, reversibly attached cells were rinsed off the samples with TSB. 
Attached cells were removed, by sonicating immersed samples in a 0.5 wt% 
Tween 20–in–TSB cleaning solution, and viable cells were counted. Higher 
numbers of colonies than on both reference substrates were observed on all 
three latex surfaces without avidin, Figure 18. The cell counts were observed 
to increase with the PS content on the latex surfaces not coated with avidin. 
On the 50% PS with avidin, the colony density was low, being on a similar level 
as on PDMS (approx. 6 log(CFU cm-2)). The highest number of colonies in the 
study was observed on the avidin coated 0% or 60% PS (about 6.8–6.9 
log(CFU cm-2)).  
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Figure 18 — Left: (a) Avidin adsorption onto different latex surfaces and (b) 
molar biotin binding capacity of pre-adsorbed avidin on different latex surfaces. 
Right: Variations in S. aureus colony density on different latex surfaces with and 
without avidin, as well as on PDMS and glass reference surfaces. Surface 
coverages correspond to PS content as: 0% coverage – 0% PS, 55% coverage – 
40% PS and 85% coverage – 60% PS. Figures are reprinted from S. Paper I with 
permission from Elsevier, the copyright holder.  

 
The study showed very different S. aureus attachment to avidin-coated latex 
surfaces with different surface properties (Figure 18). The effect of surface 
properties and an immobilised layer of avidin altered the attachment of S. 
aureus by either increasing the bacterial counts (for 0% PS, by 0.35 log(CFU 
cm-2), and 60% PS, by 0.05 log(CFU cm-2), statistical significance of change not 
evaluated) or reducing them (in the case of 50% PS, by 0.7 log(CFU cm-2)). The 
reduction in numbers of viable cells was seen for both native and denatured 
avidin, to a similar extent. 
 
The variations in bacterial adhesion between different latex surfaces 
appeared to be a combination of the protein adsorption and the binding 
capacity. In the case of avidin-coated surfaces, the bacteria encountered a 
hydrophilic layer with high surface energy and polar negativity. An increased 
bacterial adhesion has been seen for hydrophilic surfaces coated with 
hydrophilic proteins [222]. This is similar to the case seen for the 0% PS and 
60% PS. The fact that adhesion was poor with both native and denatured 
avidin on 50% PS confirmed that the inhibitory effect was not only related to 
the specific interaction between S. aureus and avidin, but also to the surface 
chemistry and topography of the surface, and their influence on protein 
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adsorption. The difference in activity of avidin was due to its different 
alignment on the peak areas of high PS surfaces, compared to the 0% PS. 
Specific binding might be possible on the 60% PS surface due to a rougher 
surface, but any interactions between pili and specific binding sites might be 
limited on the 50% PS surface. This might enhance the effect of avidin on 
specific binding. 
 
Based on the observation that adhesion varied with film composition, a more 
thorough investigation of the S. aureus interactions with the substrates was 
conducted. This eventually led to Paper II.  
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7.3 Response of S. aureus on the physico-chemical 
properties of nanostructured coatings 

It was observed in S. Paper I that adhesion of S. aureus to different latex 
surfaces, specifically 0% PS, 50% PS and 60% PS, varies. Adhesion seemed to 
be improved by an increasing PS:ABS ratio of the coatings. Being inspired by 
this observation a more elaborate investigation of the responses of S. aureus 
to different surfaces properties was performed, which resulted in Paper II. In 
addition to a wider selection of both surfaces and descriptive parameters, the 
impact of using different assays was examined. The bacterial response was 
quantified with the following measures: colonies per area (CFU cm-2), poly-N-
acetylglucosamine (PNAG) level at the endpoint (measured as relative 
fluorescence units, RFU) and protein expression on three selected surfaces 
and borosilicate glass reference. From the surface proteome of the biofilms, 
the abundance of some proteins with a known role in pathogenicity and 
virulence were selected for a further study, and their yield was investigated 
towards the surface roughness properties. 
 
 

7.3.1 Microbiological variations observed when growing S. 
aureus on nanostructured surfaces 

The viability of S. aureus on the latex surfaces after 24 h was measured first. 
This was done with both the agar plate and the microtiter plate assays (Figure 
19, left). In the agar plate assay, the cell numbers were measured to be on a 
similar level on all surfaces up to 60% PS, after which they progressively 
decreased to reach a minimum level at 80% and 100% PS.  In the microtiter 
plate assay, the cell numbers appeared to increase with low to moderate PS 
surface content, reaching a maximum at 70% PS, only to decrease again at the 
highest PS content, reaching occasionally even lower levels than that of 0% PS. 
 
Similarly, the expression of the extracellular matrix component PNAG was 
investigated. With the agar plate assay, the lowest PNAG levels were observed 
for the one-component surfaces and the 80% PS. On other surfaces up to two 
times more PNAG was measured, with 30% and 60% PS having the highest 
levels of PNAG. Generally, a lower PS content yielded more PNAG. For the 
microtiter plate assay, the relative differences were smaller. The highest PNAG 
amounts were observed for the 40% PS, while low amounts were observed on 
the 50–70% PS samples. Other surfaces showed moderately high amounts of 
PNAG. It has been shown that PNAG plays an important role in bacterial 
adhesion and biofilm formation [223], [224]. 
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Figure 19 — Response of S. aureus to the different surfaces measured as colony 
density per area (left) and detected PNAG (right) obtained from two different 
assays, the agar plate assay (peach) and the microtiter plate assay (green). The 
error bars show the SEM error. 

 
The quantified surface proteins were obtained by trypsin shaving from three 
bicomponent latex films and a glass reference from both assay types. It was 
found that while the total concentrations did not vary significantly between 
biofilms grown with the same assay, the concentration was assay dependent. 
Concentrations were lower for the agar-plate based assay, being 0.03–0.06 mg 
mL-1 cm-2 compared to 0.18–0.21 mg mL-1 cm-2 for the microtiter plate assay. 
An identification of these proteins also showed that the number of different 
proteins was almost 50% higher in the biofilms grown in the microtiter plate 
assay — 382 proteins were uniquely identified, in addition to the 935 proteins 
identified in the agar plate films. Most of these were classified as hydrophobic 
proteins. There were also differences in the individual proteins expressed on 
the different surfaces. An ANOVA analysis showed that 49 and 106 proteins in 
films from the agar plate assay and microtiter plate assay, respectively, 
differed to a statistically significant level in abundance between surface 
samples. Of these proteins, the ones that could be connected to some clinically 
relevant functions were further studied (25 of 49, resp. 31 of 106). Such 
functions were pathogenicity, host immune response evasion and pathogenic 
moonlighting proteins.  
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7.3.2 Pursuing surface properties that drive a microbiological 
response 

While the S. aureus viability was originally intended to be investigated simply 
in comparison to a surface character, it was quickly observed that also the 
assay used influenced the outcome of the investigation. This was seen both as 
higher cell numbers counted in the microtiter plate assay — up towards ten 
times more than in the agar plate assay — and as different surfaces resulting 
different relative viabilities within each assay experiment. This could be a 
result of different seeding densities relative to the surface area in the different 
assays, possibly affecting the response related to biofilm maturity. 
 
To investigate how different surface properties affected the viability of 
biofilms, the viability was plotted not against the blend ratio, but rather 
against individual surface properties. This approach was eventually used for 
all chosen measures of biological response, and, for the viability and PNAG 
expression, also using a combination of surface properties. 
 
 
7.3.2a Viability variations in S. aureus biofilms with surface properties 

A slightly lower viability was observed on the least polar and least hydrophilic 
surfaces (80% and 100% PS) in the agar plate assay. These two surfaces 
appeared to result in lower viability than surfaces with some similar 
topographical properties. This indicates that this parameter could be a driving 
factor.  This was the case for instance with the 20% PS with similar Sq, Sdr, Sds, 
and Sk, as 80% and 100% PS, but was much more peak dominated as indicated 
by Spk/Svk. A direct connection between dispersive surface energy and 
viability of S. aureus could not be made due to simultaneous changes in 
amplitude roughness (e.g., Sq) and dispersive surface energy. In the microtiter 
plate assay, no clear connection between surface chemical properties and 
viability could be made. 
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Figure 20 — Colony densities in agar plate (left column) and microtiter plate 
conditions (right column) to Sq, A. respectively B., and Sds, C. respectively D. The 
error bars show the 95% confidence level for the S. aureus data and 99% 
confidence level for the roughness characterisation. Figures are reprinted from 
Paper II with permission from Elsevier, the copyright holder. 

 

An interesting observation was that a higher (amplitude) roughness in the 
studied interval (1–15 nm) did not clearly increase the viability in either assay, 
as has often been reported (Figure 20A,B). In the agar plate conditions, several 
height-related parameters (Sq and Spk) showed that the sample with the 
lowest height parameter values (0% PS, and often also 20% PS) gave the 
highest viability. The shape of the curves when either parameter was plotted 
against the viability are reminiscent of the plots that were obtained when 
investigating the effect of fine-structure parameters on viability, in particular 
Sds (Figure 20C,D), and also the parameters Sfd and Sk. These showed that the 
viability corresponded rather linearly to these parameters if the 0% and 20% 
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datapoints were omitted — viability decreasing with increasing Sfd and Sds and 
also increasing with increasing Sk (not shown). This indicates that a rougher 
surface, with some spacing between asperities, improved the bacterial 
viability. The Spk/Sk parameter from the bearing area curve could provide 
some further insight to this, indicating that either a fine structure roughness 
(dominating Sk) or amplitude roughness (dominating Spk) could augment the 
viability (Figure 21A). This parameter could also account for the low polar 
negative surface energy surfaces, 80% and 100% PS.  

 

 

Figure 21 — S. aureus viability variations with some roughness parameters: A. 
Spk/Sk in the agar plate assay, as well as B. Spk/Sk, C. Svk/Sk and D. Spk/Svk in the 
microtiter plate assay. The error bars show the 95% confidence level for the S. 
aureus data and 99% confidence level for the roughness characterisation. 
Figures are reprinted from Paper II with permission from Elsevier, the copyright 
holder. 
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As the microtiter plate viability data showed fewer statistically significant 
variations, it was more difficult to draw conclusions about which 
topographical parameters, if any, influenced the S. aureus viability in this assay. 
A higher Sq, Sdr, and Sq/Scl, was more likely to result in higher viability. Unlike 
what was observed for the agar plate conditions, the fine texture (Sfd, Sds, and 
Sk) did not show any connection with viability (not shown). The bearing area 
curve gave more clues, however. All surfaces that had high viability had a low 
Spk/Sk (Figure 21B). For this assay, Svk/Sk appeared also to express a viability 
driving factor, specifically, meaning that deeper valleys resulted in a higher 
viability (Figure 21C). Comparing the dominance of valley and peak regimes 
of the surfaces through the Spk/Svk parameter (Figure 21D) the viability gave 
another perspective on the viability-driving character of the surfaces, and the 
clearest trend. This showed that S. aureus studied in a microtiter plate assay 
is more viable on surfaces with either a dominating peak height or valley 
depth.  
 
As a comparison, in S. Paper I, a larger number of S. aureus colonies was 
observed with increasing PS content (S. Paper I, Fig. 8). In S. Paper II, the 
bacterial growth protocol was most similar to the microtiter plate assay 
protocol used in Paper II. A major difference was the maturity of the biofilms 
investigated — 2 h in S. Paper I, compared to 24 h in Paper II. The used 
coatings also had slightly different properties due to a different substrate and 
coating. In both studies lower colony densities were observed on the 0% PS 
film compared to the PS blend surfaces. 
 
 
7.4.2b PNAG abundances in S. aureus biofilms vs. surface properties  

The PNAG abundance in 24 h S. aureus biofilms was measured with both the 
microtiter plate assay and agar plate assay, on all nanostructured latex 
surfaces. The responses in the agar plate assay were seen to depend on surface 
wetting and polarity (not shown). No clear response to the surface energy in 
the microtiter plate assay was observed (Figure 22A and not shown data). 
However, in this assay, a high amount of PNAG was detected on surfaces that 
had a low polar negative component (100% and 80% PS) even if the number 
of colonies was low on these surfaces (Figure 19). This could indicate a weak 
response in the PNAG expression of the biofilms. 
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Figure 22 — PNAG abundance variations plotted against different surface 
properties: (A.) the polar negative surface energy for the microtiter plate assay; 
(B.) Sds of the agar plate assay; (C.) Sds of the microtiter plate assay; (D.) Spk of 
the agar plate assay; and Spk/Svk for both agar plate assay (E.) and microtiter 
plate assay (F.). Figures are reprinted from Paper II with permission from 
Elsevier, the copyright holder. 

 
The topography of the surfaces also appeared to drive a different PNAG 
response than what was observed for the viability. For instance, in both assays 
an increasing Scl37 appeared to increase the amounts of PNAG in the biofilms, 
indicating that spacing between asperities was influential. The effective 
surface area also appeared to affect the PNAG amounts in the microtiter plate, 
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a higher area decreasing the detected levels of PNAG. The fine structure 
parameters, Sfd, Sds and Sk (Figure 22B,C), also appeared to influence the PNAG 
expression. These three parameters all showed the highest detection rates at 
intermediate values, typically with the low polarity surfaces separating from 
the group. The real response behind this observation could be their 
description of small-scale peak and valley geometries, which were also 
investigated through the Spk and Svk parameters, as well as their 
normalisations (Spk/Sk, Svk/Sk, Spk/Svk).  First, an increasing peak height Spk 
seemed to increase the PNAG biomatrix component in the agar plate study 
(Figure 22D). In comparison, no clear relationship with this parameter and 
the detected PNAG amounts could be observed in the microtiter plate assay 
(not shown). For the microtiter plate assay, a possible decrease in PNAG 
abundance was observed with an increasing Svk. Normalising the parameter 
with the core roughness, Svk/Sk, showed a much clearer trend of decreasing 
PNAG expression with a higher parameter value. The peak counterpart, Spk/Sk, 
showed the highest values for intermediate parameter values in the agar plate 
assay, interpreting a lower PNAG value on the 80% and 100% PS to low polar 
negative surface energy. A weak decrease in PNAG expression was seen for an 
increasing Spk/Svk parameter in the microtiter plate, with the three surfaces 
with higher Svk, also showing low values and resulting in low PNAG detection 
rates. This perspective, relating peak heights and valley depths with the 
Spk/Svk, yielded the clearest trends (Figure 22E,F). According to this, surfaces 
with a higher peak height or a deeper valley depth resulted in higher PNAG 
abundances in the agar plate assay — the opposite being true in the microtiter 
plate studies. Not fitting the trend in the agar plate data is the 40% PS sample, 
with higher PNAG rate than expected according to this trend. This data point 
also had a relatively high error. Some surface properties of this sample stand 
out — its features were neither peak nor valley dominant (Spk/Svk approx. 1), 
it had among the lowest dispersive surface energies and a low Sds. This 
perspective was also in line with previous results that a higher roughness 
affects cells, but it also indicates that, on this length scale and this type of 
disordered hemispherical geometries, the surface topography should also be 
clearly dominated by peaks or valleys. 
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7.4.2c Combined effects of surface chemistry and topography on S. 
aureus biofilms 

Driven by a vision that both surface chemistry and topography together affect 
biofilms, a simple model that could account for these properties was 
considered. Interesting figures were obtained by using parameters that 
account for height variations (Sq and S10z) and the density of asperities (Sds) 
together with the surface chemistry parameters that most probably influence 
the biofilms — the contact angle and the polar negative surface energy 
component. The model aimed for a linear alignment of the biological response, 
𝐵𝑅 (in units of CFU/cm2 for viability, and units of RFU for PNAG abundance), 
plotted against the key surface properties, 𝑆𝑃, with a slope 𝑎 and intercept 𝑏:   

𝐵𝑅 = 𝑎 ⋅ 𝑆𝑃 + 𝑏      (19)  

The agar plate assay viability data showed a reasonable linear fit for the 
following model:  
 

𝐵𝑅 = 𝑎 ((𝑆𝑑𝑠 ⋅ 𝑆10𝑧
2 )

1

𝑃𝑜𝑙−)
−1

+ 𝑏    (20) 

 
The statistical strength of the fit was R2 = 0.81 and Pearson’s r =0.90 (Figure 
23a). For the PNAG abundance data from the agar plate assay, the best fit was 
found for  
 

𝐵𝑅 =  𝑎 (𝑆𝑑𝑠 ⋅ 𝑆𝑞)
1

𝐶𝐴  + 𝑏,     (21) 

 
but this still gave a weak correlation (Figure 23c). The height variations 
appeared to have an emphasised effect on the viability (squared S10z). While a 
‘model’ accounting for the effect of the polar negative surface energy 
component on the S. aureus viability gave the best fit, it could be compared to 
a differently weighed water contact angle, since the surface in parallel 
becomes less hydrophilic and less polar. A mathematical issue with the use of 
this parameter is that the polar negative surface energy component 
approaches 0 mJ/m2 for the 100% PS surface, which tended to draw out the 
datapoint where this parameter was used (e.g., Figure 23a). Eventually, a 
smarter, yet undiscovered way of utilising the parameter might yield even 
better results. The model utilising Eq. 21 was successfully deployed for both 
datatypes obtained for the microtiter plate assay — the viability and 
biomatrix expression (Figure 23b and Figure 23d). The obtained correlation 
strength was R2 = 0.80, Pearson’s r = 0.91 and 0.60, Pearson’s r = 0.81. 
 



77 

 

Figure 23 — Illustrations of the rudimentary models for a) number of colonies 
in the agar plate assay with Eq. 20, b) number of colonies in the microtiter plate 
assay with Eq. 21, c) PNAG amounts in the agar plate assay with Eq. 21, and d) 
PNAG amounts in the microtiter plate with Eq. 21. Best linear fits with Origin 
shown in red. Error bars show 95% confidence level. Reprinted from Paper II 
with permission from Elsevier. 

 
The models suggested in Equation 20 and 21 account for both the height 
variations in the form of Sq or S10z and the distribution of asperities through 
Sds. These two surface parameters are enough to describe a simple Gaussian 
surface. For these surfaces the height distributions are slightly more complex. 
Particularly for the blends in the mid-range which can be described as 
bimodal from a histogram perspective. As discussed, physico-chemical 
models for describing particle-surface interactions have used parameters 
describing these surface properties in describing the adhesion force, but 
weight the different parameters in different ways [77]. These would probably 
be better fit for explaining very early cell numbers. Similarly, the response to 
the surface chemistry is already complex on a protein level, where even simple 
protein mixtures can be observed to have various interactions with the 
material. But, seeing that even such rough trends could possibly describe the 
maturation of a biofilm is quite interesting. 
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7.3.2d Phenotype changes in S. aureus biofilms due to surface properties  

The variations in the detected PNAG and number of colonies, and their 
connection to surface properties raised the question whether the variations 
in the protein detection could be connected to the surface character. After all, 
phenotype changes have been reported for adhered bacteria, but also 
connected to responses of mammalian cells to surface properties [3], [89].  
 
Similar to the other biological responses scrutinised, the protein abundance 
of each significantly varying and clinically relevant protein was analysed 
against the surface properties of the four samples used for this part of the 
study — 30%, 50% and 60% PS, as well as the glass reference. In numbers, 
the investigated proteins were 25 out of 49 proteins detected on the 
surfaceome in the agar plate assay that were associated to virulence-related 
functions. In the microtiter plate assay, the number was 36 out of 106 proteins. 
The linear correlation strength of their abundances to surface properties was 
investigated with the R2, Pearson’s r and Student’s t. The cut-off value for a 
strong correlation was set at Pearson’s r≥0.8, a cut off value which also 
resulted in high R2 and student’s t values. An example of two correlations is 
shown in Figure 24. Here, Immunoglobulin G-binding protein A and 
Nitrodreductase abundances in biofilms grown in the agar plate assay were 
seen to linearly grow with increasing Sds of the latex surfaces. Assuming a 
linear fit, these two correlations had R2=0.9477 and Pearson’s r=0.973, 
respectively R2= 0.9751 and Pearson’s r=0.9751. A full listing of the 61 
proteins which were found to correlate with some surface character can be 
found in Paper II – Supplementary Information. 
 
Even with these limitations the abundance of several proteins was discovered 
to correlate with some of the roughness parameters that caused a response in 
S. aureus viability and PNAG abundance. In the agar plate assay, all but six 
proteins appeared to have some correlation with the surface properties. The 
others appeared to fall into two groups depending on which parameters they 
responded to. In the microtiter plate assay, strong correlations with the 
surface properties were found in spite of the relatively few statistically 
significant differences in viability (CFU cm-2) or PNAG detection. Of the 36 
proteins, only three protein abundances could not be correlated to any 
roughness parameter. 
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Figure 24 — The change in Immunoglobulin G-binding protein A (black) and 
Nitroreductase (red) abundance with a change in Sds for biofilms grown in the 
agar plate assay. 

 
The surface proteins, named after their placement in the microbial cell surface 
and their role in cell-surface interactions [225], were thus observed to often 
respond to the surface properties the bacteria had adhered to. The impact of 
the assay type was also significant, showing an enriched protein function for 
the microtiter plate assay. Many of the successfully correlated proteins, in 
both assays, were so called moonlighting proteins, that have been considered 
to be strategically excreted by the microbe and, as their name suggests, could 
fill multiple roles in the cell function [226]–[228]. These include virulence 
factors and mediators of host factor attachment [226], [229]. Others, such as 
lipoteichoic acid, have been associated with bacterial growth and cell division, 
and in the case of pyruvate dehydrogenase and pyruvate kinase moonlight as 
adhesins [230]. The largest group was the ribosomal proteins, which have 
been associated with biofilm integrity [231]. A final set of proteins that could 
be specifically highlighted are the antibiotic target, penicillin-binding protein 
2, and cytosolic proteins, related to the antibiotic resistance and chronic 
systemic infectivity of S. aureus [232], [233].  
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7.3.3 Conclusions 

Staphylococcus aureus biofilms were grown on 9 nanostructured two-
component polymer surfaces in two different assays. The results from the two 
assays differed on all levels — the number of colonies, the detected PNAG 
levels, and protein abundances but also in how these responses were affected 
by the surface properties. Both PNAG expression and S. aureus viability, 
measured as viable cells per area, were markedly higher in the microtiter 
plate conditions. Also trends among the surfaces were different between 
assays. This could be a result of different surface-to-volume ratios between 
assays, but also the mechanisms with which the bacteria attach to the 
substrate. Indications that the assays might differ in oxygen concentration 
was also found, as several proteins relating to the anaerobic growth mode 
were enriched in the biofilms. The choice of assay should therefore be done 
carefully, and mindfully of what conditions would suit the perspective of the 
study or application of the material(s) investigated.  
 
In agar plate conditions, the surface chemistry of the substrate affected the 
biofilms. In particular, a decreased hydrophilicity and polar negativity 
decreased both the viability of, and PNAG detection in, the S. aureus biofilms. 
Those surface roughness parameters that reflect the fine structure character 
of the surface, i.e., Sk, Sds and Sfd, were found particularly influential. Biofilms 
grown in the microtiter plate assay were not observed to be influenced by the 
surface chemistry. Parameters that described the relative dominance of peaks 
or valley areas appeared to do so — these included Spk/Sk, Svk/Sk, and Spk/Svk. 
Rougher surfaces, especially where the roughness was increased by valley 
structures, increased the viability and decreased the PNAG expression. The 
autocorrelation length, Scl37, and the effective surface area, Sdr, also seemed to 
describe a surface character that influenced the PNAG expression in the 
biofilms.  
 
These observations of influential individual parameters were combined to see 
if they could together account for a general response of the studied bacterial 
model to both surface chemistry and topography. Combining both amplitude 
parameters, asperity densities or average separation, as well as surface 
chemical parameters a rudimentary ‘model’ could be described. The 
suggested model, and the combination of these parameters, could be 
interpreted to relate to adhesion, as it bears similarities to models used to 
describe colloidal particle interactions with topographically heterogeneous 
surfaces, e.g. [77]. Developing a true model would need more data over a 
broad range of structural and surface geometries, however, and a 
computational approach. 
 
The investigation of the potential influence of the surface character on the 
phenotype, or protein abundances, gave a more detailed look into how 
bacteria respond to the properties of the surface they adhere to. Similarly, to 
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the viability and PNAG abundances, 15 out of 26 investigated proteins were 
found to correlate with the fine structure parameters, when the agar plate 
assay was used. The correlation length, Scl37, was also found to be a parameter 
that several (5 of 26) protein abundances could be linked to in the agar plate 
assay. Likewise, the protein abundances measured in biofilms grown in the 
microtiter plate assay appeared to correlate with the parameters that 
influenced the viability and PNAG abundance. Particularly common were the 
Scl37, Spk and Spk/Sk parameters which 25 out of the 31, 17/31 and 15/31 
closely investigated proteins appeared to correlate with. Another influential 
topographical character appeared to be the one described by the Sq/Scl37 
parameter, to which the abundance of 18/31 proteins could be correlated.  
 
As these proteins had been associated to bacterial virulence and pathogenic 
pathways, these observations could be valuable for developing medical 
surfaces or implant materials. A correlating behaviour between surface 
character and protein expression has not been, to our knowledge, reported 
before. Not only would a further investigation of whether these surfaces could 
similarly impact other bacterial models be interesting to conduct, but also of 
whether surface properties directly impact the virulence of bacteria. This 
could be valuable when countering fomite transmission.  
 
Another highlight of this study is the benefit of using the multitude of 
parameters available to the surface scientist. Using a more varied parameter 
toolkit can clarify which parameters drive the bacterial response in 
interactions with surfaces, which otherwise risk being missed. In this case the 
combination of the amplitude parameter Sq with peak and valley related 
roughness parameters helped to distinguish between the impacts of an overall 
roughness over specific height domains. Using only the most common Sq and 
Sdr would have missed the observation that other aspects of the surfaces also 
can influence different surface protein abundances. All parameters used here 
are equally easily available. 
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7.4 Controlling mammalian cell proliferation with 
nanostructured latex polymer coatings 

As was discussed in previous sections, both bacterial and mammalian cells 
can respond to surface properties. In the case of bicomponent polymer 
surfaces it was first observed that mammalian cells respond well to their 
properties when used in studies of ARPE-19 human retinal pigment epithelial 
cells [175]. We thus hypothesised that HDF cells, too, could respond to these 
surfaces. This was the outline for Paper I. Later, in Paper III, we wanted to test 
human HeLa cervical cancer cells. In this section, viability data of HDF cells 
from Paper I are presented. In addition, observations on the viability response 
of HeLa cells to the surfaces are included for comparison. The latter are yet to 
be published at the time of writing this thesis. 
 

 

7.4.1 HDF and HeLa viability on latex coatings 

The study was conducted on glass coverslips with drop cast nanostructured 
coatings with PS% 0–100%, onto which 3 ⋅ 105 of either HDF or HeLa cells 
were seeded. The proliferation of cells was imaged with CellIQ during a 96 h 
incubation period, to detect any morphological changes indicative of cell 
stress, and the cultures were stained with crystal violet and the staining 
intensity was used to obtain endpoint measurements of cell viability. These 
viability numbers are presented in Figure 25. 
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Figure 25 — Variations in the viability of HDF and HeLa cells, expressed relative 
to the glass reference used, grown on the nanostructured bicomponent latex 
surfaces with varying mixing ratio of the components given as PS%. 
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At the lowest, the viability for both the HDF and HeLa cells grown on the 
nanostructured bicomponent surfaces was at a similar level as those grown 
on the glass reference. The surfaces with the highest and the lowest PS 
contents resulted in relatively low HDF viability, with also the intermediate 
40% and 70% PS surfaces giving similar results. For HeLa cells, viability was 
low on the intermediate 40 to 60% PS, with a minimum level of viability on 
the 50% PS surface. The other surfaces resulted in cell numbers higher than 
the reference glass, especially for the HDF cells, which yielded exceedingly 
high cell numbers on 60% PS (over 2.5 times the glass reference level) and 
approximately 1.5 times above the reference level on 30%, 50% and 80% PS.  
The HeLa cells showed the highest cell yield on the 30% and 70% PS surfaces, 
the former displaying a 1.5-fold increase in yield compared to the glass 
reference, the latter a slightly smaller effect (1.25). The trend here suggests 
different responses for the different cell lines, especially on the 50% and 60% 
PS surfaces. 
 

 

Figure 26 — HDF cells cultured on glass (top row) and 50% PS (bottom row) 
imaged with confocal microscopy. The scale bar is 15 µm. Nuclear staining 
(DAPI, left column) revealed the nuclei of the cells. The distribution of vimentin 
in the cells is shown in the centre column and F-actin is shown in the right 
column. Figure is reprinted from Paper I with permission from Elsevier, the 
copyright holder. 
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In Paper I, HDF cells grown on 50% PS surfaces were compared with cells 
grown on glass using confocal microscopy (Figure 26). DAPI staining, which 
showed the nuclei of the cells, indicated no major DNA damage due to the latex 
surface. Neither could any morphology changes be observed when the cells 
were stained for vimentin — the filament structures of cells cultured on glass 
and latex appeared similar. An interesting difference was seen in the 
filamentous actin (F-actin) abundances. This showed a larger amount of F-
actin in cells grown on glass. This could on one hand be a result of substrate 
stiffness, the glass having a stiffness of 30 GPa while stiffness of the 50% PS 
was measured with AFM to be 1–2 GPa [188]. It could also be a response to 
the latex surface topography being interpreted as ECM cues [3], [126], [234]. 
 
 

7.4.2 Analysing the surface properties that drive the 
mammalian cell response 

The response of HDF cells to different surface parameters was investigated in 
Paper I, using the same approach that was deployed for investigating the 
response of S. aureus biofilms in Paper II. This approach involved studying 
possible connections between surface properties and, in the case of 
mammalian cells, viability measured as cell yield compared to the borosilicate 
glass reference. In this section, yet unpublished results for HeLa cells cultured 
on the nanostructured polymeric surfaces are also presented. These data 
allow for a comparison of the responses of the two cell lines, HDF and HeLa, 
giving their responses a broader context, as well as adding an interesting 
background for Paper III. 
 

7.4.2a Surface properties driving viability of HDF 

Paper I focused on the cellular response to the topographical variations of the 
bicomponent polymer surfaces. However, in the investigation of S. aureus cells, 
Paper II, the observations were expanded not only with new roughness 
parameters, but also with some considerations on surface chemistry that 
could shed light on the nature of the surfaces that the cells respond to. The 
surface parameters included in Paper II, but not considered in Paper I, are 
added to the discussion here, as they add further insight to the surface 
character the HDF cells respond to.  
 
Although hydrophilicity has been associated to an increase in proliferation [3], 
[43], a decreased hydrophilicity, as seen for the high PS% surfaces, did not 
show any significant impact on the cell yield. Both low PS and high PS surfaces, 
that are similarly smooth but represent different polar negative surface 
energy components, had a similar viability. Since the polar negative surface 
energy component decreased simultaneously as the hydrophilicity of the 
surfaces, the individual effects of these two properties could not be decoupled. 
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Based on the observation that the dispersive and total surface energy showed 
a slight reduction at average blend ratios, we were curious to see whether 
there is any connection between the parameters and the cell yield. Such a 
connection could not be made (Figure 28A). 
 

 

Figure 27 — Variations in the HDF cell growth relative to glass with changes in 
(A.) Sq and (B.) Sdr. Images reproduced from Paper I with the permission of 
Elsevier, the copyright holder. 

 
Based on previous results it was expected that roughness would be a driving 
parameter for cellular viability. In this case the roughness parameters Sq and 
Sdr were considered, which HDF proliferation appeared to follow at a first 
glance (Figure 27A,B). A positive influence of height roughness parameters 
was also expected based on literature [3], which was confirmed by our data. 
In particular, the highest maximal viability was observed on surfaces with an 
Sdr and Sq of approximately 6% respectively 11 nm. This maximum 
corresponded to a normalised roughness (Sq/Scl37) value of about 0.15. The 
published observation that cells show the highest proliferation rates on 
surfaces having near Brownian fractal dimensions (2.5) [235] also suggested 
that Sfd would be a potential parameter describing the cell response. This was 
not observed for these surfaces (Figure 28C). The investigated length scale of 
the surfaces in [235] was higher than what was used in this thesis (Sa up to 
100 nm). This could indicate that some other descriptor, linked to Sfd, might 
be the true driver behind the response, i.e., that the observation is more 
specific to geometry than what can be deduced from the mere two parameters 
that noted the observation. Alternatively, the relevance of this parameter 
could be length scale specific. When Sfd was associated to the fine structure of 
the surfaces, due to its connection to Sds, the HDF viability appeared to loosely 
decrease with increasing summit density (Figure 28B).   
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Figure 28 — The variations in HDF viability (relative to glass) with changes in 
the parameters A) dispersive surface energy B) Sds, C) Sfd D) Svk E) Spk and F) 
Spk/Svk. Dashed lines show suggested trends. 

 
While the 40% PS appears to have a lesser cell yield than what the loose trend 
of Sds suggests, and 60% and 70% a higher viability than suggested, these 
could be explained using some additional functional parameters (Figure 28D-
F): Spk, Svk and Spk/Svk (unpublished data). These parameters helped to 
indicate if peaks or valleys are more influential on the cellular response. This 
feature could not be distinguished from Sq and Sdr alone. A relationship could 
also be observed when comparing cell yield versus Svk and yield versus Spk 
plots (Figure 28D-E). In these figures the cell yield appears to increase when 
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the reduced valley depth (Svk) is higher than 15 nm. No equally clear trend was 
observed for the parameter reduced peak height (Spk), but interestingly, it 
remained below 15 nm for the whole set of data. Further, a viability vs. Spk/Svk 
plot has a parabola-like shape with a minimum at a ratio within 1.5–2. This 
can be interpreted such that both valleys and peaks can improve the HDF yield, 
which indicates the same for viability.  
 
Going back to Figure 28B, and the suggested trend, the low viability on 40% 
could then be explained by that the surfaces are neither clearly peak nor valley 
dominated (Spk/Svk ≈1). The 60% surface, which showed the highest viability 
overall, had the most valley dominated topography and the highest Svk (valley 
depth) (Figure 28D,F). Finally, that the 70% PS sample had the third highest 
valley depth and a dominating valley structure could be used to explain the 
relatively high viability observed in Figure 28B. That Sds was a potential 
driving parameter was also observed for S. aureus biofilms.  
 
Based on this data, it can be hypothesised that the adhesion mechanisms, such 
as focal adhesion, that HDF cells utilise to attach to surfaces might be 
geometrically limited to respond to surfaces beyond a certain size (Spk = 15 
nm), and with clearly dominating peak or valley roughness character. 
 
The yield of HDF cells was also observed to be lower on the pristine, i.e., non-
IR-treated surfaces, which had a relatively high roughness (Sq = 25 nm, with a 
0.75-fold decrease in cell yield — data not shown) due to the PS beads 
retaining their hemispherical shape. This effect could be a result of the 
different surface properties, but it has also been observed that such surfaces 
show lesser protein adsorption, possibly due to the surface chemical changes 
caused by the treatment [201]. This could also relate to differences in 
adhesion interactions associated to hemispherical surfaces [79].  
 
 

7.4.2b Surface properties driving the viability of HeLa cells 

The HeLa human cervical cancer cell line is one of the most used immortalised 
cell lines in cell studies. It has also been shown to respond to surface 
properties such as surface energy, charge and topography, but also stiffness 
and surface modifications [236], [237]. These considerations, as well as its 
availability, made the cell line an interesting counterpart to compare with the 
HDF cell data. 
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Figure 29 — The measured viabilities of the HeLa cells plotted against A) the 
dispersive surface energy component of the samples; B) the polar negative 
surface energy component of the samples; C) the RMS roughness (Sq) of the 
samples; D) the autocorrelation length (Scl37) of the samples; E) the reduced 
valley depth (Svk) of the samples, and F) density of summits (Sds). Dashed lines 
indicate suggested trends. 
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HeLa cells appeared to be more responsive to the surface energy than HDF 
cells in terms of cell yield (see Figure 29 and Figure 28). Foremost, the 
dispersive surface energy seemed influential, an intermediate value, just over 
40 mJ m2 (Figure 29A), resulted in the highest cell yield. A closer examination 
indicated two groupings with one group having relatively low dispersive 
surface energy and a comparatively high roughness (e.g., Sq and Sdr), i.e. 40%, 
50%, and 60% PS, and another group with a lower roughness and slightly 
higher dispersive surface energy. A lower polar negative surface energy 
component could also be a viability reducing factor (e.g. Figure 29B). This can 
be seen as a lower viability of the 70% and 80% PS surfaces than other 
surfaces with similar roughness values — compare, for instance, the viability 
of HeLa on 20% and 80% PS surfaces in Figure 29C. These two surfaces have 
similar Sq, but the 80% PS has a lower viability.  The influence of these two 
surface chemical parameters, polar negative surface energy component and 
the dispersive surface energy, cannot be decoupled with this data.  
 
The roughness parameter Sq showed the highest cell yield at 6–8 nm, which is 
an intermediate roughness for these surfaces (Figure 29C). The 
autocorrelation length indicated, however, that an increase in Scl37 resulted in 
a steep increase in cell counts (Figure 29D). In this case 70% PS, with an 
intermediate Sq and dispersive surface energy, stood out from the trend. A 
similar, albeit horizontally mirrored, scatter was obtained for the Svk 

parameter (Figure 29E) and S10z (data not shown). These could be interpreted 
in such a way that a higher spacing between features is beneficial for the HeLa 
cell proliferation, and those features should preferably be peaks rather than 
valleys. As an exception, however, the 70% PS (with a relatively high viability) 
is more dominated by valleys, which can be observed by comparing Spk,70%PS > 
Svk,70%. Density of summits, Sds, also appeared to be a driving character of this 
topography (Figure 29F). In this case an increasing Sds increased the viability. 
Interestingly, this plot appears to include the 70% PS datapoint, but now the 
30% PS datapoint stands out from the suggested trend. Interpreted this way, 
the Sds parameter suggests that a higher number of asperities is preferable for 
HeLa viability. 
 
To summarise, for a surface with such disordered nanotopography as has 
been obtained with the latex dispersions used, the surface chemistry appears 
to have a more pronounced effect on the HeLa proliferation than what was 
observed for HDF cells. A lower dispersive surface energy resulted in an 
increased cell proliferation, and a low polar negative surface energy 
component had a possible reducing effect on proliferation. A low amplitude 
(Sq), a high lateral roughness (Scl37), and also a high density of asperities (Sds) 
were beneficial topographical features. 
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7.5 Nanostructured polymer coatings in a highly 
tailorable paper-based screening platform 

 
In Paper III, the nanostructured latex coating developed in Paper I and Paper 
II was utilised in a paper-based screening platform (PBSP). This was a direct 
development from the previously presented observations on how the 
properties of the films supported HDF [238] and HeLa cells, as well as S. 
aureus [239], [240]. Utilising the cell proliferation properties of the coating 
was of particular interest, in the case of HDF cells, a potentially reduced cell 
stress. Further, the planar design of such a setup would allow for a very high 
processability, which is not the case for conventional plastic well plates. Three 
studies were conducted to demonstrate the usability and processability of the 
paper-based screening platform in cell, materials, and pharmaceutical studies. 
 
 

7.5.1 Design of the screening platform 

The PBSP was developed with paper as a base substrate, onto which the latex 
dispersion was coated. The platform was based on a system previously 
developed by Määttänen [173], [174] and Juvonen [175]. Initial tests used a 
specialty paper for printed functionality as a base substrate. Due to the 
buckling of the substrate paper in humid conditions necessary for cell culture, 
a commercially available uncoated paperboard was used instead. A double 
dispersion coating was needed to obtain an optimum coating quality. This was 
done with either rod coating or reverse gravure coating technique. Single 
coating layers often resulted in pinholes that had adverse effects on staining 
studies, where the pinholes were differently stained by the staining agent, or 
cell cultures, where microcapillaries would cause the wells to dry. This could 
also be seen in the barrier tests, where a single layer on the paperboard was a 
poor barrier for ethanol, even over short periods of time, and an insufficient 
barrier to vegetable oil or water for a period of 72 h, a typical length of cell 
studies [241]   .  
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Figure 30 — Images of paper-based screening platforms with geometries 
similar to those of the commercial plastic 24- and 96-well plates. Green and 
black wax create the matrix of spherical well areas on the paper-based substrate. 

 

The coatings were dried either on-line (roll-to-roll produced reverse gravure 
coatings) or after coating (rod coated samples). A second drying was done 
either on-line, during curtain coating, or after a cooling down period, for rod 
coated samples, to obtain the topography which had been found to stimulate 
cell growth in Paper I and II. On top of the nanostructured latex-coated 
paperboard a final layer of either flexographically printed PDMS or wax 
deposited with a wax printer, was then deposited to provide wetting-directed 
cell-study areas, the ‘wells’ (see Figure 30). In this study, the printed well areas 
had an 8 mm diameter and were aligned in two-column rows. This geometry 
was based on two factors, the first being that it held a liquid volume that is 
easily maintained over longer cell studies without evaporation, the second 
factor the space limitations on the flexographic test printer. In principle, any 
geometry is possible according to the design of the printing plate. This means 
that the paper-based screening platform can be made compatible with any 
plate reader equipment available. PDMS was cured in a short, approximately 
30 s, IR heat treatment. This manufacturing process was used for all latex 
coatings. 
 
Obtaining a reliable readout of the platform was a key consideration during 
its design. Ideally, a novel platform conforms to current standards and 
protocols and gives the user value beyond what is obtained with available 
equipment. Such added value could come from its functionalisability, 
tunability or other means of on-line measurements, e.g., by electrical means. 
This means that they should ideally be compatible with optical readers and 
analysers — i.e., be transparent, or analysable with optical methods — or offer 
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enough added value to surpass such limits. Further, they should preferably be 
easy to use without any compromise in accuracy or reliability. Since the used 
paperboard substrate is opaque, alternatives to optically measuring the 
viability or proliferation yield had to be considered. In this study a 
colorimetric approach was chosen, using crystal violet end-point staining to 
stain the cells in order to correlate the staining intensity to the number of cells. 
These measurements could be done by imaging the stained substrates with a 
basic office scanner and using an in-house developed software to detect the 
well areas and the blue channel RGB intensity in the wells. This approach was 
tested in three proof-of-concept studies. 
 
 

7.5.2 The proof-of-concept studies  

To prove the usability and utility of this platform three different proof-of-
concept studies were performed and compared with common plastic well 
plates (WP).  In the first study, a basic cell growth assay with varying cell 
numbers was performed on 50% PS surfaces. Glass coverslips were coated 
with the latex blend, similarly as in Paper I–II, and placed coating side up in 
the plastic well plates. Both HDF and HeLa cells were used at initial seeding 
numbers of 0, 1·103, 3·103, 5·103, 10·103, 15·103, 20·103, 30·103 and incubated 
for 24 hours. The readout of the stained PBSP was compared with the 
readouts from the WPs (Figure 31). These appeared very similar to each other 
with an increasing detection rate as seeding number increased. In both, a limit 
of detection could be seen as the lowest cell numbers giving a similar read-
out as the blank. 
 

 

Figure 31 — Comparison of cell viability assays on a commercial well plate and 
a paper-based screening platform, with a double 50% PS coating. To the left, 
data for HDF cells, and to the right data for HeLa cells. The number of seeded 
cells is given as 103 (x-axis). Data shows average of 4 repetitions with SEM error 
of the end-point readout at 24 h. Images reproduced from Paper III with the 
permission of RSC, the copyright holder. 
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In the basic viability assay, for both HDF and HeLa cells, an increasing crystal 
violet readout was detected as the number of seeded cells was increased, both 
for viability assays done on the PBSP and in WP (Figure 31). The crystal violet 
stain showed some affinity to the surface itself, which was seen as a false 
positive readout in the 0·103 seeding area. The lowest number of cells that 
resulted in a significantly stronger coloration than the 0·103 level was 
translated to be the limit of detection. In the case of HDF cells the plastic well 
plates showed a coffee ring effect around the coated coverslips, which lead to 
a high background signal for the measurement. As such, numbers of 10·103 
seeded cells or higher were detectable at levels significantly above the 
background in the conventional well plate. In contrast, a HDF viability assay 
done with the PBSP showed a lower level of background, and the detection of 
5·103 seeded cells was possible above the background level.  
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Figure 32 — Detected stained cells at the 24 h endpoint for the commercial well 
plate (left) and the paper-based screening platform (right). A linear fit is 
attempted for both experiments; a 2nd order fit yielded better results for the 
paper-based cell plate (bottom left). The data is normalised to the data point 
with most cells. 
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A measure of the reliability of the different assays is the predictability of the 
response. Comparing the SEM error and standard curves of detection rates for 
both the PBSP and commercial WP could give a further means to evaluate 
them. In studies with HDF cells, the error remained rather small for both the 
WP and PBSP (<0.048) but was slightly higher for the PBSP – average SEM 
error being 0.033 for the PBSP, respectively 0.021 for the WP. Linear fittings 
(Figure 32) showed a very good linear fit to the microtiter plate data (3·103 –
30·103) with a R2<0.998 and Pearson’s r = 0.999. The PBSP data also showed 
a reasonably good fit for cell numbers in the range 3·103–20·103 (R2<0.971), 
but from the next highest to the highest cell counts in the study (30·103) a 
statistically insignificantly increased readout was observed. The data set 
(3·103–30·103) appeared to fit a 2nd order fit better (R2=0.997). This could be 
an indication of overpopulation within the PBSP wells at the highest cell 
numbers, either through limited space and/or the liquid media. The first case 
seems more plausible due to a larger well diameter and preliminary growth 
area being almost 3.5 times larger in the WP than in the wells of the PBSP. The 
latter explanation is improbable due to the total volume being deliberately 
measured to be the same in both the wells of the PBSP and the WP, and since 
a difference in cell numbers was observed for the corresponding seeding 
density in the other assay.  
 
Similarly, a cytocompatibility study was done using the PBSP to test its 
usability in materials studies and demonstrate the tuneability of the surface. 
In this case two bicomponent high Tg:low Tg latex blends (50:50 blend ratio)  
from three synthesised latices — two with a high Tg, 100 °C, and one with a 
low Tg, 16 °C — were tested for their HeLa cell cytocompatibility at five 
seeding densities (0, 1·103, 10·103, 20·103, 30·103; Figure 33). The presence 
of cells, i.e., a level of cytocompatibility, was detected on both latex blends at 
the endpoint. 
 
In this case as well, an increased seeding number caused an increased readout. 
Similarly, to what was seen in the first study, a false positive readout was 
observed for the blank, caused by the affinity of crystal violet to the latex 
materials.  
 
There were slight differences between the two investigated surfaces. Firstly, 
the L01:L02 blend appeared less cytocompatible with low numbers of seeded 
cells (1·103), where the result was no cells detected. In comparison, at seeding 
densities of 1·103 the L05:L02 blend showed significantly higher number of 
cells. The measured staining intensity also reached a plateau at 20·103 cells 
on the L01:L02 surface, whereas an increase was still seen at 20·103 with the 
other surface. The difference between the viability of cells grown on the 
different surfaces could be related to the topographical properties of the two 
surfaces since their chemical properties were very similar (see Table 6).  
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Figure 33 — The normalised cell viability at the end point, tested with varying 
seeding densities of HeLa cells (left). To the right are scanned images of strips of 
the paper-based screening platform with L01:L02 (left strip) and L05:L02 (right 
strip) after cell staining with crystal violet. The number of seeded cells is given 
as 103 (x-axis). The data shows an average of 4 repetitions with SEM error of the 
end-point readout at 24 h. Images reproduced from Paper III with the 
permission of RSC, the copyright holder. 

 
The third study was to test the suitability of the PBSP for drug screening and 
the benefits of using pre-processed drug applications in drug interaction 
studies. Here, the viability of 30·103 HDF or HeLa cells seeded were 
investigated when cells were grown on the PBSP that had been impregnated 
by varying concentrations of pipetted or inkjetted doxorubicin (DOX) (Figure 
34). In this study, the PBSP coated with the 50% PS blend, which would 
provide a high cell yield at a low cellular stress level, according to the findings 
in Paper I. Using ink-jet application the drug loading in the wells of the PBSP 
was increased by printing an increasing number of layers of DOX solution. The 
commercial WP study used similar drug concentrations deposited by 
pipetting. The drug loading in each well was examined using a drug 
dissolution test to ensure the comparability of different methods of drug 
loading. The choice to manually pipette DOX into the microtiter wells was 
done as inkjet printing has limited resolution at long printing ranges due to 
droplet displacement. Therefore, depositing materials into the well of a well 
plate, which has walls of typically 14–20 mm height [242], can become 
inaccurate. In the case of paper-based strips, a modified office printer was 
used. At concentrations in the range 0.1–5.0 µg mL-1, it was expected that HeLa 
cell viability would be sharply reduced at these ‘therapeutic’ doses, but that 
the non-cancerous HDF cells would survive [243]–[245]. Variations in the 
cellular viability, using a seeding density of 30·103, after the cells had been 
grown for 24 h in presence of an increasing DOX loading, is shown in Figure 
34. 
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Figure 34 — Changes in viability measured at the end point for HDF (left) and 
HeLa (right) cells with changes in DOX loading (x-axes, µg mL-1) in the wells. 
DOX was pipetted into the plastic well plate but printed onto the paper-based 
screening platform. Images reproduced from Paper III with the permission of 
RSC, the copyright holder. 

 

The results obtained showed that, indeed, DOX deposited into the wells had a 
limited effect on the viability of HDF cells, both in the WP experiment, where 
it was pipetted, and in the PBSP experiment where it was printed. Already 
small concentrations (0.01 µg mL-1) reduced the viability of these cells with 
10–20%. Only concentrations of 1 µg ml-1 and above had a larger impact on 
the viability reducing it to approx. 60%. The results of both the well plate and 
PBSP studies were very similar. Larger differences between the two parallel 
studies were observed for the HeLa cells as they were, as expected, more 
responsive to the drug. Here, low non-therapeutic concentrations (<0.05 µg 
mL-1) of the drug had a limited effect on the HeLa cells, even lesser than on 
HDF, reducing the viability to 90% from the blank reference. At 0.1 µg mL-1 the 
viability was at similar levels as the HDF cells at similar drug concentrations 
(approx. 80%). These observations of the effects of the drug HeLa viability 
had a larger error than the HDF counterpart, which also indicates a mild 
responsiveness to the drug at low concentrations. From concentrations of 
0.25 µg ml-1, the drug showed a marked effect on the HeLa cells studied on the 
PBSP by reducing their viability to below 30%. At higher concentrations, the 
viability was maintained at approximately 40% (5 µg mL-1) or below (0.5–1 
µg mL-1). In the WP study, the viability decreased progressively from 0.25 µg 
mL-1–5 µg mL-1, reaching approximately 30% at lowest. Results from the 
inkjet-deposited DOX study on the PBSP followed suit with the results for the 
pipetted study on the PBSP. From 3 to 8 inkjet-printed layers of drug solution, 
corresponding to approximately 0.2–0.6 µg mL-1 concentrations of the drug, 
according to the standard curves obtained, the HeLa cell viability decreased 
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significantly to approx. 10% of the viability of the reference sample. This was 
a much quicker decline than what was observed for the well plate data infused 
with pipetted doxorubicin. The decline was non-linear, as was also seen for 
the pipetted data. This could indicate a more complicated response 
mechanism to the drug, or an activity change of the pipetted drug [246]. 
 
 

7.5.3 Further developments of the tailorable platform 

As shown in S. Paper II, the nanostructured surface can be constructed to 
provide structures on different length scales. In the study, a layer of the 50% 
PS dispersion was cast onto template surfaces, i.e. lithographically patterned 
AFM calibration grids. When peeled off, the resulting surfaces had not only the 
inherent nanostructure of the latex blend, but also step heights provided by 
the calibration grid. Four different step heights in the range 1.8 µm–104 µm 
were manufactured. Incorporating such structures into the cell culture areas 
or using such films as a base for diagnostic plates would allow for new ways 
of manufacturing topological features that can stimulate cell behaviour while 
studying them directly. This possibility was underlined by the very promising 
optical character of the surface films. Rewetted films had an 80 % 
transparency measured with UV-vis, and ultra-thin (20 nm) Au electrodes 
deposited on them still maintained 50% transparency. Such semi-transparent 
electrodes would allow for stimulating or measuring the cellular activity, for 
instance with electrochemical impedance spectroscopy (EIS) or cyclic 
voltammetry, while optical measurements are performed [247]–[249]. The 
long-term stability of the electrodes was also confirmed.  
 
Using EIS to measure cells with different electrodes deposited on the 
nanostructured latex coatings with different support materials was briefly 
investigated with HDF and HeLa cells. The method has been widely explored 
and proven a useful tool in biology many times over [250], e.g. for measuring 
singular cells [251] or discriminating between cancerous and non-cancerous 
cells [192], [252], just to name a few. 
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Figure 35 — Left: Typical EIS spectra showing the capacitance (black, f = 10 kHz) 
and resistivity (blue, f = 1 kHz) of HDF cells attaching and spreading on a 20 nm 
thick Au electrode film on a nanostructured latex-coated paper. Previously 
unpublished data. Right: The 20 nm Au electrodes deposited on a layer of 
nanostructured latex peeled off a paper substrate. 

 
Impedance measurements of cell cultures utilise an alternating current with 
varying frequency passing over the electrodes to study the electrical 
properties of the cells or a biofilm at a single time-point or as changes with 
time. Different frequencies interact differently with the materials on or in 
proximity with the electrodes, e.g., the biofilm, the ECM or the cell media, and 
thus characterises different aspects of them. In Figure 35, an example curve of 
data was obtained with EIS of HDF cells attaching on a two-electrode system 
of gold on the nanostructured latex film. In this case the capacitance, 
measured at 10 kHz, and the resistance, measured at 1 kHz, changed as the 
cell population approached the surface, from the seeding time-point (t=0), to 
attach (up to ca 5h) and spread (t> 5h). This shows an example of how the 
different phases of the cultured cells can be observed with the technique. 
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7.5.4 Concluding remarks on the paper-based screening 
platform 

In this section, the use of an opaque, low-cost and paper-based platform was 
shown to be a valid alternative to commercial plastic microtiter plates in 
colorimetric cell studies. Even through such a simple tool as an office scanner 
was used to get a cell readout, a result of similar quality to that obtained with 
costly high-end instruments was obtained. This shows that the paper-based 
platform can well be ASSURED (“Affordable, Sensitive, Specific, User-friendly, 
Rapid and robust, Equipment-free and Deliverable to end-users”), as the 
World Health Organisation has called for diagnostic devices to be [179]. Such 
tools could provide new healthcare and diagnosis methods in areas with poor 
infrastructure or limited resources, or could even be used as educational tools 
at any level [253]. 
 
The main benefits of using a planar platform are the processability and 
tuneability that it brings to the researchers’ table. Using large-scale 
manufacturing methods to obtain different coatings or to deposit drugs 
means these can quickly be compared and screened for their responses with 
cell lines. The processing of known hazardous chemicals or novel compounds 
is associated with potential health risks, as was the case with doxorubicin in 
the study [254]. Therefore, automated processing not only reduces the risk of 
human error, but also the risks for the researcher. The processability also 
allows for tailoring the properties of the surfaces that cells are to be grown on. 
This could mean applying a surface like the material that is to be studied to 
the bottom of the cell culture, providing the possibility to study cell-surface 
interactions on it without losing any experimental tools. Another valuable 
approach would be tuning the surface properties to exhibit properties that are 
most natural, or suitable for a specific cell line of interest. This could give data 
that are more representative of the cells in their natural state. 
 
Added value could be obtained by manufacturing the platform on a 
transparent support, or developing it as a self-supported platform, e.g., by 
casting. This would allow for both a direct optical study of the cultures and to 
give the platform hierarchically structured surface features and would 
thereby provide further tools for studies involving cellular interactions with 
various surface features. Similarly, electrode systems could be readily 
included into the wells for the detection of adsorption of proteins, cells or 
even metabolites or to stimulate the cells or bacteria grown on it. Such options, 
especially at a low-cost, are not currently widely available on the market. 
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8. Conclusions and outlook 

In this thesis nanostructured surfaces were manufactured by coating PS and 
ABS latex dispersions onto borosilicate glass coverslips and paperboard. The 
varying mixing blend ratio of these high Tg and low Tg latices caused 
differences in topography, surface chemistry and wetting on the prepared 
coatings. Variations in protein deposition depending on the blend ratio were 
observed (S. Paper I). When used in studies of microbial (S. aureus) (Paper II) 
and mammalian cells (HDF and HeLa), variations in some biological 
parameters were observed (Paper I). These included differences in colony 
numbers, PNAG expression and protein abundances for S. aureus, and the 
relative cell number (viability for the mammalian cells). In HDF cells, 
variations in stress fibre formation were also observed. Finally, the 
manufactured surfaces were deployed as a base for a cell study plate, to test 
the reliability and versatility of a paper-based platform in basic cell culture, 
materials studies and pharmaceutical studies (Paper III). Hierarchical 
structures and electrode applications with promising optical character were 
also tested using latex as self-supported films (S. Paper II). 
 
The surfaces used were mostly hydrophilic, but the highest PS% ratios 
decreased, and ultimately cancelled the hydrophilic character. The surfaces 
also showed a decreased polar negative character, and for 100% PS surfaces 
it was negligible. The dispersive surface energy component of the surfaces, 
and thereby also the total surface energy, decreased slightly at close to equal 
blend ratios. Topographically the roughness increased as the PS% ratio was 
increased, reaching a maximum at near-equal blend ratios. The topography of 
the surfaces shifted from being peak dominated at low PS% content to being 
valley dominated for high PS% surfaces. The substrate on which the surfaces 
were manufactured on was also observed to have some influence on 
roughness. 
 
Protein adsorption was observed to vary with PS content of the films, in S. 
Paper I. Depending on the proteins studied, the protein adsorption appeared 
also to differ between PS regions (peaks) and ABS regions (valleys). 
Differences in protein activity were also observed. Such differences were 
contributed to local variations in the surface chemistry and the topography.  
 
In Paper II it was shown that 24 h S. aureus biofilms were able to respond to 
nanoscale features of the surfaces. Differences were seen in colony densities 
and PNAG detection, representing viability and microbial stress, which 
appeared to vary depending on which nanostructured film they were grown. 
The biofilms responded to different surface properties depending on which 
assay was used. For instance, the surface energy did not appear to influence 
the biofilms in the microtiter plate assay, but it did so in the agar plate assay. 
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Variations in the detected amounts of PNAG in the biofilms did not directly 
correlate with the viability. This indicated that the PNAG amount was indeed 
a response to the surface properties.  An interesting observation was that a 
set of parameters could be combined to form a rudimentary ‘model’, that 
appeared to connect a surface chemistry parameter and two topographical 
parameters to the viability and PNAG detection responses. This is of interest 
as previous attempts have focussed on describing the adhesive behaviour of 
cells using, e.g., DLVO-based approaches which specifically describe adhesion 
of a particle to a surface. This suggests that microbial responses over longer 
times could be estimated based on the surface properties of materials. 
 
Further, in Paper II, changes in the protein abundances were also correlated 
for several of the proteins in the S. aureus surfaceome. The protein numbers 
and abundances depended on the assay used. Overall, the results in Paper II 
show that the bacteria respond to nanoscale differences of the surface they 
attach to and, depending on the assay used, also to the surface chemistry. 
Indeed, the assays used for studies of this type should be chosen with care as 
this could significantly alter the response observed for, e.g., studied novel 
biomaterials. Phenotype changes for attaching bacteria have previously been 
observed [89]. The fact that these can be correlated to surface properties was 
a completely new observation brought forward through the studies in this 
thesis. This observation is made more interesting by the fact that these 
phenotypic changes could be related to the pathogenicity, virulence, and host 
immune system evasion. If possible, materials that inhibit such responses 
could be very beneficial for preventing the spread of diseases, e.g., via medical 
devices. 
 
Similarly, responses to the nanoscale topography of the surfaces were seen for 
mammalian HDF and HeLa cells in Paper I. HDF cells appeared to benefit from 
an increased roughness, especially a larger effective surface area and height 
variations, which can generally be described as ‘rougher’ surfaces. Comparing 
viabilities on peak dominated surfaces and valley dominated surfaces showed 
no difference for the geometries used here. Interestingly, the data shows that 
HeLa cells respond to very different surface properties than the HDF cells. The 
HDF cells were also expressing less stress fibres (vimentin and actin) on the 
surfaces associated with a higher viability. This could indicate that surfaces of 
this type are a more beneficial growth environment for the cell line. 
 

In Paper III the nanoscale surface was successfully deployed in a paper-based 
cell culture platform. The planar design of the platform enabled free 
modification of the surface for investigating prefabricated drug dosage in the 
wells, a symbol of pharmaceutical studies, or even using another biofunctional 
coating. The reliability of the platform was compared to a commercial 
microtiter plate, and it showed equal performance on many levels, especially 
considering that it required no expensive diagnostics equipment to be 
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analysed. Similarly, using a functionalised base could have its benefits, as this 
is something that is difficult to do in the plastic well plate base. A drawback of 
the paper-based platform is the lack of transparency, which would enable 
optical imaging. This could be overcome by using a transparent base but might 
come at the price of the eco-friendliness associated with paper. 
 
S. Paper II showed some interesting potential lines of further research, and 
potential features that could be added to the tailorable paper-based cell 
culture and diagnostics platform. Casting methods were shown to provide 
nanoscale grooves while retaining the nanostructure, giving a true 
hierarchical structure to the coating. This was also possible to achieve on free 
standing latex films. Transparent electrodes were also developed on the 
nanostructured paper, which could enable electrical read-outs, using ECIS, e.g., 
or the detection of metabolites, pH etc. during cell culture. This is also a 
possible means to overcome the transparency issue. 
 
The question remains, if a unifying theory can be devised to explain bacterial 
and mammalian cell responses to surface properties. These processes are 
very intricate and involve interactions of countless biochemical species, in a 
constantly reactive and dynamic relationship. An issue with individual 
observations is that they can easily become irrevocably anecdotal if a), the 
surfaces are not thoroughly reported both physically and chemically and b), 
the biological responses are not broadly investigated. This could be mediated 
by defining standards which must be reported. Broadly reported results can 
then be more readily used in meta-reports and big data analysis. 
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