
Helka Juvonen

Protein Adsorption and Cell Adhesion to 
Nanostructured Paper Coatings

H
elka Juvonen | Protein A

dsorption and C
ell A

dhesion to N
anostructured Paper C

oatings | 2016

 ISBN 978-952-12-3476-7

9 7 8 9 5 2 1 2 3 4 7 6 7

Laboratory of Physical Chemistry
Center for Functional Materials
Faculty of Science and Engineering



 
 

 

 

 

PROTEIN ADSORPTION AND CELL 
ADHESION TO NANOSTRUCTURED PAPER 

COATINGS 

  

 

 

Helka Juvonen 

 

 

Laboratory of Physical Chemistry 
  

Åbo Akademi University 
Turku, Finland 

2016 

 

 



 

 

 

Supervised by  

Professor Jouko Peltonen 

Laboratory of Physical Chemistry 

Åbo Akademi University, Turku, Finland 

 

and 

 

Adjunct professor Petri Ihalainen 

Laboratory of Physical Chemistry 

Åbo Akademi University, Turku, Finland 

 

Reviewed by 

Associate professor Monika Österberg 

Department of Forest Products Technology 

Aalto University, Helsinki, Finland 

 

and 

 

Adjunct professor Vesa Hytönen 

BioMediTech 

University of Tampere, Tampere, Finland  

 

Opponent 

Associate professor Monika Österberg 

Department of Forest Products Technology 

Aalto University, Helsinki, Finland 

         

ISBN 978-952-12-3476-7 (Print)

ISBN 978-952-12-3477-4 (PDF)

Painosalama Oy –   Turku, Finland



 

 

i 
 

Contents 
Abstract ............................................................................................................ iii 

Svensk sammanfattning .................................................................................... iv 

Publications ....................................................................................................... v 

Supporting publications...................................................................................... v 

Contribution of the author ................................................................................ vi 

1. INTRODUCTION ........................................................................................ 1 

2. OBJECTIVES............................................................................................... 3 

3. SURFACE PROPERTIES ............................................................................... 4 

 Surface topography .......................................................................... 4 3.1.

 Wetting and surface energy .............................................................. 6 3.2.

4. IMMOBILIZATION OF PROTEINS AND CELLS ............................................... 9 

 Non-covalent interactions................................................................10 4.1.

 Protein adsorption ...........................................................................12 4.2.

 (Strept)avidin ..............................................................................17 4.2.1.

 Albumin ......................................................................................17 4.2.2.

 Fibronectin ..................................................................................18 4.2.3.

 Cell adhesion ...................................................................................18 4.3.

 ARPE-19 cells ...............................................................................20 4.3.1.

 HepG2 cells .................................................................................20 4.3.2.

 S. aureus bacterial cells ...............................................................20 4.3.3.

5. MATERIALS AND METHODS......................................................................21 

 Substrates .......................................................................................21 5.1.

 Latex coatings and their substrates ..............................................21 5.1.1.

 Pigment coatings .........................................................................22 5.1.2.

 Paper-based test arrays ...............................................................23 5.1.3.

 Plasma- and poly-L-lysine treated polystyrene .............................23 5.1.4.

 Protein immobilization ....................................................................24 5.2.

 (Strept)avidin adsorption .............................................................24 5.2.1.



 

ii 
 

 Serum albumin adsorption ..........................................................25 5.2.2.

 Fibronectin adsorption ................................................................25 5.2.3.

 Cell experiments ..............................................................................25 5.3.

 ARPE-19 and HepG2 ....................................................................25 5.3.1.

 S. aureus .....................................................................................27 5.3.2.

 Surface characterization methods ....................................................28 5.4.

 Atomic force microscopy .............................................................28 5.4.1.

 Contact angle measurements ......................................................31 5.4.2.

 X-ray photoelectron spectroscopy ...............................................32 5.4.3.

 Quartz crystal microbalance ........................................................32 5.4.4.

6. SUMMARY OF THE RESULTS .....................................................................34 

 Surface properties of the studied substrates ....................................34 6.1.

 Composition of pristine and IR treated latex coatings ..................35 6.1.1.

 Influence of the latex blend composition on surface topography .40 6.1.2.

 Surface properties of pigment coatings........................................43 6.1.3.

 Surface properties of the P-PLL-PS slides .....................................45 6.1.4.

 Protein adsorption on the latex coatings ..........................................46 6.2.

 Influence of surface chemistry and topography on protein 6.2.1.

immobilization .............................................................................................46 

 Activity of immobilized strept(avidin) ..........................................51 6.2.2.

 Cell study platforms .........................................................................53 6.3.

 Epithelial cell growth and printability ...........................................53 6.3.1.

 Bacterial adhesion .......................................................................57 6.3.2.

7. CONCLUSIONS AND OUTLOOK .................................................................59 

8. ACKNOWLEDGEMENTS ............................................................................62 

REFERENCES .....................................................................................................63 

ORIGINAL PUBLICATIONS ...................................... Error! Bookmark not defined. 

 



 

iii 
 

Abstract 

Protein coatings can be prepared in order to take advantage of 
their biological functions such as specific binding properties and 
the ability to enhance or reduce cellular adhesion. The 
physicochemical surface properties of the substrate have an 
impact on the protein adsorption and its activity. The activity of 
adsorbed proteins plays a central role in methods based on the 
biochemical immobilization used in numerous bioanalytical 
applications.  

Controlling the cell-substrate interactions is important in e.g. the 
development of medical devices and platforms for the cytotoxicity 
assays and biofilm studies. Cell studies are conventionally 
performed on rigid substrates. As a flexible and porous substrate, 
paper is an interesting alternative to the conventional materials. 
The surface properties of paper can be modified by various surface 
treatments and paper is also well suited for printing of functional 
materials.  

The aim of this work was to develop a paper-based test platform 
for biochemical and biological assays by modifying the surface 
properties of the latex or pigment coated paper substrates. The 
latex coatings were treated by short-wave IR irradiation and by 
changing the composition of the binary latex coatings. The surface 
properties of the coatings and adsorption of proteins were studied. 
On the IR treated latex, a bimodal height distribution of 
hydrophobic polystyrene (PS) and hydrophilic carboxylated 
acrylonitrile butadiene styrene copolymer (ABS) was formed. 
Adsorption of proteins to the two-component latex surface 
resulted in a patterned structure. Adsorption of avidin to the ABS 
phase was found to enable a better specific binding activity to 
biotin. 

The cell growth of ARPE-19, HepG2 and Staphylococcus aureus on 
paper substrates with different surface characteristics was studied 
and printability of viable cells was tested. The latex coatings were 
found to support the cell growth. Pre-adsorbed avidin inhibited 
bacterial adhesion on two-component latex. 
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Svensk sammanfattning 

Proteinytskikt kan skapas för att utnyttja proteinernas biologiska 
funktioner, till exempel specifika bindningar och förmågan att 
hindra eller förbättra adhesion av celler. Substratets fysikalisk-
kemiska egenskaper påverkar adsorptionsprocessen och 
aktiviteten av ytbundna proteiner. De adsorberade proteinernas 
aktivitet är central i metoder som baserar sig på biokemisk 
immobilisation, vilken används i flera bioanalytiska applikationer. 

Det är viktigt att kontrollera interaktionerna mellan cellerna och 
substratets yta, till exempel i utveckling av medicinska apparater, 
cellgiftsanalyser och plattformar för biofilmstudier. Styva material, 
som glas och polystyrenskivor, används vanligtvis som 
cellstudieplattformar. Det böjbara och porösa pappret är ett 
intressant alternativ till de traditionella substratmaterialen. 
Papprets ytegenskaper kan modifieras med olika 
ytbehandlingsmetoder. Dessutom kan tryckning av funktionella 
material väl tillämpas på papper. 

Målet med detta arbete var att utveckla en pappersbaserad 
studieplattform för biokemiska och biologiska analyser genom att 
modifiera ytegenskaper av bestrykt papper. Olika latexytor 
tillverkades genom att variera blandningsförhållanden av två 
latexkomponenter och genom att behandla latexytorna med 
infrarödstrålning. Ytegenskaperna och deras inverkan på 
proteinadsorption studerades. En latexyta med två höjdnivåer 
formades av hydrofob polystyren (PS) och hydrofil 
akrylonitrilbutadienstyrenkopolymer (ABS) med 
infrarödbehandling. PS-latex fanns adsorbera mera protein än ABS. 
Adsorption av avidin på ABS upptäcktes möjliggjöra högre specifika 
bindningsaktivitet jämfört med adsorption på PS-ytan.  

Dessutom studerades cellernas tryckbarhet och cellväxt på de 
bestrykna papperssubstraten. ARPE-19 -, HepG2 - och 
Staphylococcus aureus -celler användes i cellstudierna. 
Latexbestrykningen fungerade som ett utmärkt substrat för celler. 
Avidin förminskade adhesion av bakterier till tvåkomponentlatex. 
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1. INTRODUCTION 

Proteins are the most versatile macromolecules in the living 
systems. They are polypeptides that are composed of about twenty 
different amino acids in a sequence (primary structure) that forms 
repetitive 3D structures (secondary structure) like alpha helix, beta 
sheet and random coil structures. The final 3D structure of one 
protein unit is called the tertiary structure, and it plays a significant 
role in the protein functionality. Some proteins, e.g. (strept)avidin 
and C-reactive protein, are multiunit proteins consisting of non-
covalently linked protein subunits [Zocchi 2003, Taylor 2007]. The 
quaternary structure of the protein refers to the arrangement of 
several protein units. 

Proteins can be used as coatings on a substrate in order to take 
advantage of their biological functions like specific binding ability. 
When a protein molecule is brought in contact with the surface, 
the protein-surface interactions cause orientational and structural 
rearrangements which affect the function of the protein [Wang 
2012]. The physicochemical surface properties of the substrate 
have an impact on the protein adsorption and its activity. These 
surface properties include topography, surface chemistry, charge 
and surface energy [van Oss 2003 a, Vogler 2012]. The important 
properties of the proteins affecting their adsorption behavior are 
the conformational stability, charge, hydrophobicity and the 
specific interacting residues [Wang 2012]. The complexity of the 
protein adsorption phenomenon arises from the interplay between 
the surface, the protein, and the adsorption conditions, such as 
temperature and pH. 

The retained activity of adsorbed proteins is important in 
applications based on the biochemical immobilization, for example 
in (strept)avidin-biotin technology. (Strept)avidin has a stable 
structure and highly specific recognition sites for biotin and has 
enabled the use of avidin-biotin linkage in numerous bioanalytical 
applications, for example in biosensing and diagnostics, already for 
decades [Wilchek 1988]. Adsorbed proteins have been studied also 
for their ability to enhance or reduce cellular adhesion. 
Fibronectin, for example, is known for its specific interactions with 
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cells, whereas serum albumin is often observed to repel the cells 
[Plow 2000, Curtis 1984, Keogh 1994].  

Cell adhesion is controlled by specific protein receptors that 
respond to the features of the extracellular matrix, such as 
availability and spatial distribution of adhesive ligands and surface 
topography [Liu 2009]. Understanding the cell-substrate 
interactions is important in e.g. the development of platforms for 
the cytotoxicity assays and biofilm studies. Antimicrobial paper has 
also been developed [Martins 2013]. Bacteria are responsible for 
severe threats to human health by colonizing a variety of surfaces, 
for example medical devices [Høiby 2014]. Adhesion of bacterial 
cells to a surface is the first step in the formation of biofilms that 
are well-organized communities of cells surrounded by a protective 
layer of self-produced extracellular polymeric substance. 
Controlling the initial step of the biofilm formation would be an 
effective strategy for the inhibition of biofilms formed by common 
bacteria, e.g. Staphylococcus aureus that forms highly tolerant 
biofilms [Donlan 2002]. S. aureus is frequently the cause of acute 
systemic infections, otitis media and persistent chronic 
pathologies, and it is the most common pathogen causing 
nosocomial diseases. 

Cell and biofilm studies are conventionally performed on rigid 
substrates, such as glass and polystyrene. Scaffolds with certain 
topographical features for cell studies are often prepared with 
time consuming microfabrication methods such as hot embossing 
and lithography. Paper is an interesting alternative to conventional 
materials for cell studies [Ng 2016]. Paper is a widely used porous 
and flexible substrate and its chemical and physical surface 
properties can be modified by various surface treatments, such as 
conventional paper coatings, hydrogels or cell adhesive proteins 
[Kim 2015, Pelton 2009]. Proteins can be attached to the paper 
surface through physical immobilization, covalent coupling or 
biochemical immobilization. Paper is also well suited for printing of 
functional materials, e.g. drug substances, and can be used in the 
fields of printed diagnostics, immunoassays, and drug and toxicity 
research [Määttänen 2011, Parolo 2013, Pelton 2009, Sarfraz 
2012]. The porosity of paper and the possibility to stack the paper 
sheets enables creating 3D cell cultures that have been used for 
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e.g. disease model studies and cryo-preservation of cells [Derda 
2011, Ng 2016].  

Using paper as a substrate and printing methods to introduce 
materials to the surface of the substrate would enable the 
development of cost-effective and high-throughput methods for 
producing platforms for cell studies and biofabrication. The 
biofabrication technology is widely used in biomedical applications 
such as tissue engineering [Mironov 2009]. As an example, a 2D 
scaffold-based manufacturing method has been used in order to 
create artificial skin and trachea [Chang 2011]. Broader reviews on 
the use of paper-based platforms in the fields of biomedical 
applications and diagnostics are given by Pelton, Parolo and Ng et 
al. [Ng 2016, Parolo 2013, Pelton 2009] 

2. OBJECTIVES 

In this work, protein adsorption and cell adhesion to coated paper 
substrates was studied. The aim of the study was to develop a 
paper-based test platform for biochemical and biological assays by 
modifying the surface properties of the coated paper, including 
topography and surface chemistry. Another objective was to 
correlate these surface properties to the adsorption behavior of 
proteins and cells.  

In Paper 1, the aim was to investigate how the short-wavelength 
infra red (IR) treatment affected the surface properties of two-
component latex coatings and adsorption of three model proteins. 
The ARPE-19 cell growth on four paper substrates with different 
surface characteristics was the objective of the research in Paper 2. 
The first aim of the study in Paper 3 was to modify the surface 
properties of the IR treated latex coatings by varied latex blend 
composition. The second objective of this study was to investigate 
the effect of the different latex surfaces on adsorption and activity 
of avidin. Thirdly, the research objective was to investigate 
adhesion of S. aureus to the latex surfaces with and without 
preadsorbed avidin. Additionally, printability of ARPE-19 and 
HepG2 cells by a screen-printing method was demonstrated 
(unpublished data). 
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3. SURFACE PROPERTIES 

 Surface topography 3.1.

Surface features of many size scales affect the functionality of the 
surfaces [Czichos 2006]. The methods for characterizing the 
surface topography can be chosen according to the lengthscale of 
interest. The main methods to measure the surface topography are 
optical techniques and profilometers. Scanning probe microscopy 
includes both noncontact and contact methods. Atomic force 
microscopy (AFM) belongs to the family of scanning probe 
microscopy. The high lateral and vertical resolution (nano- to 
microscale) and the possibility to use low imaging forces make 
AFM well suited for protein and cell immobilization studies. 

The surface topography can be described by means of 3-D areal 
roughness parameters [Blunt 2003, Blateyron 2013]. The areal 
roughness parameters are determined by using the data over the 
measured area. The areal roughness parameters, consisting of the 
surface parameters (S-parameters) and the volume parameters (V-
parameters), are used to classify the surface topography by 
average and extreme properties and their deviations, spacing 
information and generic functional properties. The S-parameters 
describe the height and spatial properties and the V-parameters 
give information based on the material ratio curve (Figure 1). Four 
roughness parameters used in this work are described in the 
following. In addition, bearing area ratio was used in order to 
quantify the ratio between the top area and the total area of the 
surface that was estimated from the height histograms (Paper 2). 

Sq is an amplitude parameter and is defined as the root mean 
square (RMS) value of the surface departures (z(x,y)) within the 
sampling area (A) [Blateyron 2013]. RMS roughness is very 
commonly used to describe the surface topography. 

𝑆𝑞 = √
1

𝐴
∬ 𝑧(𝑥, 𝑦)𝑑𝑥𝑑𝑦

𝐴
   (1) 

Sdr, the surface area ratio, is a roughness parameter that describes 
the roughness-induced increment of the surface area relative to 



 

5 
 

the projected flat surface area [Blateyron 2013]. For a perfectly 
smooth surface, Sdr = 0. The Sdr parameter can be of use in wetting 
and adhesion studies, and the increment of the surface area 
contributes e.g. to the area available for adsorbate and thus to the 
loading capacity of the surface [Peltonen 2004, Löberg 2010]. 

The autocorrelation length Sal (also called Scl) is a spatial parameter 
that is defined as the horizontal distance of the autocorrelation 
function (ACF(tx,ty)) that has the fastest decay to a specified 
value [Blateyron 2013]. This parameter is used to describe the 
spatial frequency of the surface features that can be of importance 
in e.g. cell adhesion. 

𝑆𝑎𝑙 = 𝑚𝑖𝑛√𝑡𝑥2 + 𝑡𝑦2   (2) 

The height distribution can be presented as a histogram that 
quantifies the number of points on the surface placed at a given 
height. The material ratio curve, also known as the Abbott-
Firestone curve or the bearing ratio curve, is a cumulative curve of 
the height distribution that collects the information from the 
highest point (material ratio (mr) = 0 %) to the lowest point (mr = 
100 %) of the surface (Figure 1) [Blateyron 2013]. The void volume 
parameter, Vv(mr), attributes to the void volume that is calculated 
for a defined mr, represented by the material ratio curve. Void 
volume can be used in order to evaluate the surface topography of 
materials to be used in contact with other materials [Blateyron 
2013]. 
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Figure 1. A material ratio curve. Vmp is the peak material volume, 
Vmc is the core material volume, Vvc is the core void volume, Vvv is 
the Dales void volume and mr denotes the material ratio  
[Blateyron 2013]. 

 Wetting and surface energy  3.2.

Wettability of a surface plays an important role in the interactions 
of cells and proteins with the surface. Hydrophobicity (water 
contact angle 𝜃𝑊  ≥ 90°), hydrophilicity (𝜃𝑊  < 90°) and the surface 
energy of the substrate have often been attributed to the 
adsorption of biological substances [Albers 2012, Vogler 2012]. 
Wettability and surface energy can be determined by the 
commonly applied sessile drop method. 

A droplet of a liquid introduced on a solid surface in gas or vapor 
atmosphere can spread over and completely wet the surface, or it 
can form a droplet on the surface. At equilibrium with the surface, 
the droplet can be described by the contact angle, θ, which is the 
angle between the tangent to the liquid-vapor interface and the 
tangent to the solid-liquid interface at the contact line between 
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the three phases (Figure 2). The contact angle can be used to 
determine the surface energy of a solid surface.  

Heterogeneities on the surface cause a discrepancy in the 
macroscopically detected contact angle (apparent contact angle) 
and the actual contact angle (Figure 2).  For an ideally flat surface, 
the apparent contact angle equals the actual contact angle, and is 
called the Young contact angle, θY. The Young contact angle and 
the interfacial tensions are correlated in the Young equation 
[Young 1805] as  

𝛾𝑆𝑉 = 𝛾𝐿𝑉𝑐𝑜𝑠𝜃𝑌 + 𝛾𝑆𝐿     (3) 

where 𝛾𝑆𝑉 , 𝛾𝐿𝑉  and 𝛾𝑆𝐿  are the interfacial surface tensions for solid-
vapor, liquid-vapor and solid-liquid interfaces, respectively (Figure 
2).  

 

 

Figure 2. Actual and apparent contact angles and the interfacial 
tension components between a solid surface and a liquid in vapor 
atmosphere. Modified from [Marmur 2009]. 

The Young contact angle for a rough surface can be determined by 
the Wenzel equation [Wenzel 1936] 

cos 𝜃𝐴 = 𝑟 𝑐𝑜𝑠𝜃𝑌   (4) 

where 𝜃𝐴 is apparent contact angle and r is a roughness factor, 
defined by Wenzel as the actual surface divided by the geometric 
surface. 

The roughness factor r can also be defined with the help of the 
roughness parameter Sdr as described by Peltonen et al. [Peltonen 
2004]. 
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r = 1 + Sdr/100.    (5) 

The solid-liquid interfacial energy cannot be measured directly and 
can be eliminated by combining the Girifalco-Good equation 
[Girifalco 1956] 

𝛾𝑆𝐿 = 𝛾𝑆𝑉 + 𝛾𝐿𝑉 − 2𝜙√𝛾𝑆𝑉𝛾𝐿𝑉   (6) 

where 𝜙 is the interaction parameter, with the Young equation (3), 
resulting in 

𝛾𝐿𝑉(1 + 𝑐𝑜𝑠𝜃𝑌) = 2𝜙√𝛾𝑆𝑉𝛾𝐿𝑉   (7) 

The interaction parameter 𝜙 is related to the dispersive and polar 
components of the surface energy by the Owens and Wendt 
theory, yielding 

𝛾𝐿𝑉(1 + 𝑐𝑜𝑠𝜃𝑌) = 2√𝛾𝑆𝑉
𝑑 𝛾𝐿𝑉

𝑑 + 2√𝛾𝑆𝑉
𝑝

𝛾𝐿𝑉
𝑝

 (8) 

where 𝛾𝑑  is the dispersive and 𝛾𝑝 the polar component [Owens 
1969]. 

𝛾 = 𝛾𝑑 + 𝛾𝑝    (9) 

In order to solve the surface energy components, two probe liquids 
with known surface tension components are needed in the Owens-
Wendt method.  

The surface energy can be divided also into Lifshitz-van der Waals 
(𝛾𝐿𝑊) and acid-base (𝛾𝐴𝐵) components, as derived in a method by 
van Oss, Chaudhury and Good [van Oss 1988]. 

𝛾 = 𝛾𝐿𝑊 + 𝛾𝐴𝐵    (10) 

where  

𝛾𝐴𝐵 = 2√𝛾+𝛾−   (11) 

and 𝛾+ and 𝛾− are the Lewis acid (electron acceptor) and Lewis 
base (electron donor) components, respectively. The van Oss-
Chaudhury-Good method gives  

𝛾𝐿𝑉(1 + 𝑐𝑜𝑠𝜃𝑌) = 2√𝛾𝑆𝑉
𝐿𝑊𝛾𝐿𝑉

𝐿𝑊 + 2√𝛾𝑆𝑉
+ 𝛾𝐿𝑉

− + 2√𝛾𝑆𝑉
− 𝛾𝐿𝑉

+  
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Three probe liquids are required for solving the surface energy 
components by the van Oss-Chaudhury-Good method. 

The challenges of wetting studies and surface energy 
determination include several aspects that one needs to be aware 
of [Marmur 2009]. The models are developed for an ideal surface 
that is defined as horizontally flat, rigid, chemically homogeneous, 
nonporous, insoluble and nonreactive. Generally, real surfaces do 
not fulfil this definition. For example, the effect of roughness on 
the contact angles can be estimated with the help of other surface 
characterization methods, such as AFM, and by using equation (5). 
On heterogeneous surfaces, the liquid droplet may adopt one of 
the energetically metastable states and the measured contact 
angle may differ from the contact angle of the most stable 
equilibrium. Moreover, the liquid droplet deposited on the surface 
is assumed to be symmetrical, which is not necessarily the case on 
heterogeneous surfaces. In order to ensure the symmetry, a 
sufficiently large droplet size relative to the scale of surface 
heterogeneity is required. In addition, the chosen probe liquids can 
have a tremendous effect on the obtained surface energy values. 
Finally, the different calculation methods may result in different 
surface energy values [Zenkiewicz 2007]. 

4. IMMOBILIZATION OF PROTEINS AND CELLS 

Adsorption of material is affected by the interplay of the properties 
of the surface and the adsorbate and, in addition, the adsorption 
conditions like temperature. The chemical and biochemical 
complexity of the materials from biological origin makes it 
challenging to predict their adsorption behavior. Furthermore, the 
surface of the living organisms tends to change continuously with a 
response to the surrounding environment. However, the 
adsorption processes are based on the general physico-chemical 
interactions between the adsorbate and the surface.   

Most commonly, rigid microwell plates made of polystyrene or 
other polymer materials are used for biochemical assays and cell-
based assays. Further functionalization or coating of microwell 
plates is needed for the optimal immobilization. For example, 
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sulfhydryl groups and polylysine are used in order to enable 
covalent and ionic interactions, respectively. Besides chemistry, 
surface roughness affects the immobilization. Paper appears to be 
an interesting substrate for various bio-assays because the surface 
chemistry and topography of paper can be quite conveniently 
modified by different coating and printing methods. Additionally, it 
is possible to print array structures on paper, which enables its use 
as a substrate for various test platforms.  

Adsorption may occur through physisorption or chemisorption. In 
addition, immobilization of biomolecules may occur through non-
covalent specific receptor-ligand interactions. In this work, proteins 
are immobilized to the surfaces by physisorption or specific 
receptor-ligand interactions. The nature of immobilization in the 
cases of proteins and cells is discussed in this chapter. 

 Non-covalent interactions 4.1.

Non-covalent interactions include van der Waals forces, 
hydrophobic and electrostatic interactions and hydrogen bonding 
(Figure 3) [Somorjai 2010]. In physisorption, the material is 
adsorbed non-specifically and non-covalently to the surface and 
adsorption takes place reversibly.  

Van der Waals interactions are interactions between dipoles or 
induced dipoles and they are always present between materials. 
Van der Waals forces include long-range dispersion (London), 
Keesom and Debye forces. 

 

 

Figure 3. Non-covalent interactions. 
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Hydrogen bonding or Lewis acid-base interactions between two 
electronegative atoms sharing a proton is a combination of 
electrostatic and charge-transfer interactions. In contact with 
aqueous solution, the surface first hydrates with a layer of water 
molecules [Vogler 2012, Somorjai 2010]. The adsorbate needs to 
replace surface-bound water in order to allow the protein-surface 
interactions and adsorption. This energy barrier is related to the 
number of water molecules that are needed to be replaced and the 
hydrogen bonding strength between water molecules and 
hydrophilic groups of the surface and the protein. Hydrophilicity of 
the surface indicates the energy demanded for an adsorbate to 
compete with the water molecules in a way that replacing water by 
adsorbate is more favourable on hydrophobic than on hydrophilic 
surfaces. Consequently, the adsorbed material may often be 
replaced more easily on hydrophilic surfaces compared to 
hydrophobic surfaces. On the hydrophobic surfaces, the adsorption 
can be practically irreversible. 

The thermodynamic approach has been used to explain an 
observation where, in many cases, the increased hydrophobicity of 
the surface enhances the attachment of proteins and cells 
[Katsikogianni 2004]. The water molecules are ordered close to 
hydrophobic surfaces and when they are released to the bulk 
solution, the entropy of the system increases. This results in free 
energy decrease causing enhanced adhesion on hydrophobic 
surfaces [Tsapikouni 2008]. Moreover, the hydrated cations that 
are bound to negatively charged surfaces contribute to the 
thermodynamics of the material-surface interaction by causing a 
repulsive hydration force upon adsorption [Valle Delgado 2011]. 

Hydrophobic interactions cause the aggregation of hydrophobic 
solutes in a hydrophilic solvent by minimizing the hydrophobic-
hydrophilic interfacial area in order to decrease the total free 
energy. In general, the hydrophobicity of the surface is shown to 
increase the adsorption of proteins and cells, which is attributed to 
the hydrophobic interactions between the surface and the 
hydrophobic regions of the adsorbate.  

Long-range electrostatic interactions may cause attraction or 
repulsion between a charged surface and a protein. For two 
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surfaces with similar charges the interaction is repulsive, whereas 
for opposite charges the interaction is attractive [Myers 1999]. In 
electrolyte solution, an electrical double layer is formed on the 
charged species. The counter-ions are attracted to the charged 
surface from the solution forming an essentially immobile layer 
(Stern layer). The concentrated (compared to the bulk solution) 
mobile layer of ions close to the Stern layer is called a diffuse 
double layer. The Stern layer and the diffuse double layer are 
divided by a shear plane. From the practical point of view, the ionic 
strength of the solution is an important factor that may determine 
the final strength of the electrostatic interactions. The increasing 
electrolyte concentration causes a faster decay of the surface 
potential over the distance from the surface. The charge 
interaction distances between the protein and the surface can thus 
be decreased in high ionic strength solutions.  

Adsorption of proteins and cells can be prevented using 
biorepellent or bioinert coatings that repel the protein-induced 
adhesion of organisms [Banerjee 2011, Wei2014]. The molecular-
level characteristics of protein-resistant surfaces include the 
presence of polar functional groups, the presence of hydrogen 
bond acceptor groups, the absence of hydrogen bond donor 
groups, and the absence of net charge. This type of polymer 
coatings should provide an additional hydration layer that prevents 
protein adhesion to the surface. In addition, the surface energy 
and the mobility of the polymer chains may play a significant role 
in preventing adsorption of proteins and cellular adhesion. For 
example, PDMS that is known as an antifouling material has a 
flexible backbone and very low surface energy [Liu 2009, Ji 2000]. 

 Protein adsorption  4.2.

Protein adsorption to the surface can occur by chemisorption via 
ionic or covalent bonding or non-covalently by physisorption and 
specific receptor-ligand interactions (Figure 4) [Zhu 2003, Pelton 
2009]. Physisorption arises from the weak van der Waals 
interactions and the typical enthalpy for a small molecule (-20 
kJ/mol) is lower compared to that of chemisorption (-200 kJ/mol) 
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[Atkins 2010]. However, physisorption plays an important role in 
the adsorption processes of macromolecules.  

Specific receptor-ligand interactions are often involved in 
adsorption of the biological constituents (molecular recognition) 
and arise from e.g. hydrogen bonds, salt bridges, van der Waals 
interactions and the shape and complementarity of the interface 
[Kastritis 2015]. The strength of these interactions, i.e. the binding 
affinity, is physico-chemically announced as the dissociation 
constant (Kd) that equals the concentration of the free protein that 
occupies half of the overall sites of the second protein at 
equilibrium. The biochemical immobilization through specific 
interactions may lead to a uniform orientation of an adsorbate and 
is applied in affinity-based technology, such as in (strept)avidin-
biotin technology. As an example, functional chemical or 
biochemical substances can be biotinylated and, subsequently, 
immobilized to surfaces that are pre-coated with avidin. 

The protein adsorption process consists of the following steps: 
transport to the solid surface, attachment, structural and/or 
orientational changes and possible detachment and transport from 
the solid surface. The immobilization method and the surface-
induced alteration of protein structure may affect the orientation, 
packing density and activity of the adsorbed protein.  

 

 

Figure 4. Protein adsorption by physisorption, specific binding and 
chemisorption. Modified from [Zhu 2003]. 

Chemisorption may involve irreversible chemical binding and 
provides stable adsorption and high surface loading, compared to 
non-covalent adsorption [Williams 1994]. The primary amine, 
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sulfhydryl, carboxylate and phenolate groups on protein are 
commonly used for immobilization via covalent binding [Aydin 
2012]. 

The orientation, packing and surface-induced deformation of the 
adsorbed proteins can influence the accessibility of the binding 
sites of the proteins. As a result, the binding behavior of the ligand 
may be changed upon adsorption (Figure 5). For example, small 
spacing between the adsorbed proteins, i.e. tight packing may 
make the specific binding sites unavailable for the ligand through 
steric hindrance. The steric effects can be more easily controlled by 
specific binding or chemisorption than by physisorption that often 
results in random orientation. On the other hand, chemisorption 
may cause more protein denaturation than non-covalent 
adsorption [Williams 1994].  

 

Figure 5. Orientation of proteins influenced by the surface 
properties of the substrate and the protein. Modified from [Dee 
2002]. 

Proteins consist of positively and negatively charged peptides that 
give a net electric charge that is dependent on the pH and the ionic 
strength of the solution. At certain pH (isoelectric point, IEP), the 
net charge of the protein is zero. The IEP can thus be used to 
predict the electrostatic interactions between the protein and the 
adsorbent. The local charged regions of the protein may, however, 
dominate and the proteins may adsorb electrostatically despite the 
apparently unfavorable net charge [Goy-Lopez 2012, Jachimska 
2012]. 

Proteins are structurally complex macromolecules that are prone 
to denaturation, which can lead in changes of the specific 
biochemical activity [Somorjai 2010]. Hydrogen and disulfide bonds 
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retain the secondary structure of polypeptide chains, while the 
tertiary structure is a result of the electrostatic and hydrophobic 
interactions [Tsapikouni 2008]. As stated previously (section 4.1.), 
proteins tend to adsorb more preferably to hydrophobic surfaces 
than to hydrophilic surfaces. Some proteins are structurally more 
unstable than others and can easily undergo conformational 
rearrangements (sometimes called “soft” proteins). This kind of 
structural flexibility may enable protein adsorption also to 
hydrophilic or even to electrostatically repellent surfaces [Norde 
1992].   

In fact, the complexity of protein structure exists in many levels 
and the “soft” and “hard” regions coexist in proteins. The majority 
of the proteins consist of one or more domains that have a distinct 
structure, function or evolutionary history [Ekman 2005]. A domain 
can be defined as an independently folding unit. Repeats of same 
type of domains are common in multi-domain proteins. Both 
ordered regions, such as α-helices, β-sheets and coils, and 
disordered regions exist within and outside of the domains. The 
location of the different structural regions of proteins together 
with the surface properties of the substrate may thus affect the 
protein orientation and conformation on the surface.  

Multiple adsorption sites may result in the structural deformation 
of the adsorbed protein. Surface-induced denaturation of a protein 
may inactivate the binding sites or, on the other hand, make the 
binding sites, initially inaccessible, available for specific binding 
(Figure 6).  

 

Figure 6. Surface-induced denaturation of the protein. Modified 
from [Dee 2012]. 

Proteins are commonly known to adhere to hydrophobic surfaces 
due to the hydrophobic interactions between the protein core and 
the surface [Kamiya 2014, Albers 2012]. The surface-induced 
structural changes are often due to the hydrophobic surface-
protein interactions. A protein folds in its native state with the 
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hydrophobic regions buried inside its core and the hydrophilic 
segments mostly covering the surface where they form hydrogen 
bonds with water molecules. The hydrophilic residues are able to 
form hydrogen bonds with a hydrophilic substrate, and protein 
adsorption via hydrogen bonding mostly occurs at polar surfaces. 
Protein adsorption can thus be enhanced by increasing the 
hydrogen bond donors on a substrate [Chapman 2000]. Moreover, 
the electrostatic interactions may also induce denaturation of the 
protein. Near the surface, the electrostatic potential or the surface 
energy may affect the intramolecular bonds, followed by binding 
to the substrate and unfolding of the protein. 

Topography of the surface has been shown to affect the 
conformation and the amount of adsorbed proteins [Lindman 
2007, Rockwell 2012]. The structure of the proteins can be affected 
by the radius of curvature of the surface that may either stabilize 
or denature the proteins. In addition to the conformational effects, 
the roughness-induced increase in the surface area results in a 
larger protein loading capability of the surface. 

The protein-protein interactions have a stabilizing effect on the 
protein structure (Figure 7) [Vogler 2012, Seigel 1997, Kamiya 
2014, Albers 2012]. These interactions are enhanced by high 
protein concentrations and may also be increased by the 
conformational changes due to the hydrophobic interactions on a 
hydrophobic surface, which can result in formation of protein 
agglomerates. Proteins that are adsorbed from low concentrations 
obtain less stabilizing protein-protein interactions and denature 
more easily upon adsorption. 

 

Figure 7. Effect of the protein-protein interactions on protein 
stability.  Modified from [Dee 2002]. 
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 (Strept)avidin 4.2.1.

Avidins are proteins that are able to bind specifically biotin, also 
known as vitamin H or vitamin B7, with a high affinity [Green 1990, 
Green 1975]. Chicken avidin is a basic and tetrameric glycoprotein 
that is found in chicken egg white [Zocchi 2003]. Each of the four 
subunits of chicken avidin is singly glycosylated. The molecular 
weight of chicken avidin is 66 kDa, size 4 × 5.5 × 6 nm, and the 
isoelectric point (IEP) is 10.0 ± 0.5 [Vikholm-Lundin 2012]. 
Streptavidin from Streptomyces avidinii, a protein without 
carbohydrate chains, is one of the bacterial analogs of avidin. 
Streptavidin has a molecular weight of 60 kDa and slightly acidic or 
near-neutral IEP [Diamandis 1991, van Oss 2003 b]. The strength of 
the (strept)avidin-biotin interaction results from several hydrogen 
bonds, hydrophobic contacts and complementary shape of these 
biomolecules [Livnah 1993]. (Strept)avidin can be considered to be 
a structurally relatively stable protein and it is not likely to undergo 
any significant rearrangement upon adsorption. The stability of 
(strept)avidin, together with its recognition sites for biotin, makes 
it an attractive biomolecule for many applications. The 
biotinylation of the chemical and biological substances and the 
adsorption of (strept)avidin to surfaces enable applications that 
are based on the strong interaction between (strept)avidin and 
biotin [Wilchek 1988]. This strong (strept)avidin-biotin linkage has 
been used in numerous bioanalytical applications, such as 
immunodiagnostics and biosensing [Wilchek 1988]. Use of 
streptavidin is often preferred in comparison to chicken avidin due 
to its lower non-specific binding characteristics. 

 Albumin 4.2.2.

Serum albumin (65 kDa) is a water soluble protein and the most 
abundant protein in mammalian blood serum [Scott 1988]. The 
isoelectric point of serum albumin is about 5.0 and it is negatively 
charged in pH 7 [Tran 2012]. Albumin is approximately an 
equilateral triangle with sides of about 8.0 nm and a thickness of 
about 3.0 nm [Carter 1989]. Serum albumin is a “soft” protein, i.e., 
it is able to undergo structural rearrangements easily upon 
adsorption. Albumin contains hydrophilic and hydrophobic, as well 
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as charged and uncharged regions, which together with the flexible 
structure enables adsorption to many types of surfaces [D´Sa 
2010]. Serum albumin is known to be a biomaterial repellent 
protein and a pre-adsorbed albumin layer reduces the adsorption 
of other proteins and cells [Curtis 1984, Keogh 1994]. 

 Fibronectin 4.2.3.

Fibronectin ( ̴500 kDa) is a glycoprotein existing as a covalently 
linked dimer of two nearly identical subunits of about 250 kDa 
[Pankov 2002]. The IEP of fibronectin is about 5.0. Fibronectin is 
found as a soluble form in plasma and as an insoluble, fibrillar form 
in extracellular matrix. In plasma, fibronectin has been reported to 
appear in globular, disc-like and filamentous forms [Williams 1982]. 
In physiological conditions, fibronectin has been shown to adopt a 
folded but at the same time an elongated form [Sjöberg 1989]. It is 
known as a cell adhesive protein that can serve as a ligand for 
several integrins, i.e. the receptors that link the extracellular matrix 
with the intracellular cytoskeleton [Plow 2000]. Fibronectin is a 
flexible protein and it is able to adopt various conformations upon 
adsorption [Österlund 1988, Belegrinou 2008]. The ability to bind 
integrins by fibronectin is often retained upon adsorption, 
although the extent of the biological functionality of adsorbed 
fibronectin is affected by the surface properties of the substrate 
[Ribeiro 2012, Kowalczynska 2007].  

 Cell adhesion  4.3.

Cell growth, viability and proliferation on a surface are affected by 
the properties of both the cell and the surface (Figure 8) [Klee 
2000, Feinberg 2008]. Different cell types respond in a 
characteristic fashion to, e.g., the surface topography, chemistry, 
wetting, and surface energetics [Klee 2000, Flemming 1999, Redey 
2000, Kaelble 1977, Satriano 2003, Otsuka 2000]. Surface 
roughness may affect the cell adhesion in a positive or negative 
manner, depending on the cell type and the length scale of the 
roughness [Webb 2013]. Epithelial cells adhere more preferably to 
smooth than to rough surfaces, whereas increased roughness has 
been found to promote adhesion of certain bacterial cells 
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[Baharloo 2005, Müller 2007]. Surface chemistry and the 
distribution of the chemical groups over the surface play a role in 
optimal adhesion of cells. Surface chemistry also directly affects 
wetting properties and surface energy. The effect of wetting on cell 
adhesion is also dependent on the cell type. For example, 
endothelial cells have been reported to prefer adhesion to 
hydrophilic surfaces and, on the other hand, S. aureus bacteria 
adhere better to hydrophobic surfaces [Chibowski 2000, Redey 
2000, Satriano 2003, Vogler 1998, Müller 2007, Tegoulia 2002]. 
Furthermore, adsorption of proteins from e.g. a cell medium may 
enhance or reduce cell adhesion [Satriano 2003]. Typically, cell 
adhesive proteins, such as fibronectin, are used to enhance cell 
attachment, whereas BSA is known as a cell-repellent protein 
[Plow 2000, Curtis 1984, Keogh 1994]. 

 

Figure 8. Factors influencing cell-surface interactions. Modified 
from [Klee 2000]. 

Cells are transported from liquid to a solid surface by long-range, 
non-specific physical interactions like gravity, van der Waals forces, 
acid-base interactions, electrostatic forces, and Brownian motion 
[Gottenbos 2002]. For example, positively charged poly-L-lysine 
(PLL) is often used for functionalization of surfaces in order to 
promote the cellular adhesion by an electrostatic attachment of 
biomolecules. PLL is a positively charged synthetic polypeptide of 
amino acid L-lysine [Morga 2015]. The amino groups of PLL can be 
easily protonated resulting in a positive charge over a broad pH 
range. 

In a close cell-surface contact, the short-range physicochemical 
interactions such as hydrogen bonding and specific interactions 
become effective [Katsikogianni 2004]. The specific interactions 
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caused by the biochemical or chemical substances have an 
influence on the surface properties and thus cell adhesion. The cell 
wall consists of a variety of biomolecules that participate in the 
interactions with the surroundings. Natural cell membranes consist 
of a zwitterionic phospholipid bilayer that contains batches of 
carbohydrates and proteins [Wei 2014]. The receptor-ligand 
interactions play an important role when the cell is attaching to the 
preadsorbed biomolecules like proteins. The specific interactions 
with the preadsorbed overlayer may rule out the effect of the 
physicochemical properties of the underlaying surface. 

 ARPE-19 cells 4.3.1.

The ARPE-19 cell line is derived from the retinal pigment 
epithelium (RPE), the outermost layer of the retina of a 19-year-old 
male donor [Dunn 1996]. The ARPE-19 cells form epithelial 
monolayers on solid supports and are thus well suited for the 
studies on planar substrates. The attachment of the ARPE-19 cells 
to solid surfaces is affected by the wettability and roughness of the 
surface. The smooth and hydrophilic surfaces have been found to 
support the adhesion of ARPE-19 cells [Oliver 2009]. 

 HepG2 cells 4.3.2.

HepG2 derived from the liver carcinoma of a Caucasian male is one 
of the most frequently used cell lines. The HepG2 cells are 
adherent with an epithelial cell morphology enabling their use in 
cell studies on surfaces. They grow as monolayers and in small 
aggregates [ATCC, HepG2.com]. Cell lines developed from 
hepatocellular hepatomas are commonly used in toxicity studies 
that could be an interesting application area for paper-based 
platforms. 

 S. aureus bacterial cells 4.3.3.

S. aureus is a spherical prokaryotic cell that easily forms bacterial 
clusters and highly tolerant biofilms. S. aureus is a common 
pathogen that is able to colonize a variety of surfaces [Lister 2014, 
Kiedrowski 2011]. It causes acute systemic infections as well as 
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chronic pathologies, and it is able to persist on different surfaces. 
Understanding and controlling the biofilm formation of S. aureus 
would be beneficial in e.g. medical implant applications. 

A relatively rigid cell wall with a net negative surface charge at 
neutral pH surrounds the single S. aureus bacteria. The presence of 
positively charged D-alanine esters and negatively charged 
phosphate groups results in a bipolar nature of a bacterial cell wall 
which leads to the ability to interact with various surfaces. 
Adhesion of S. aureus is enhanced by the increased roughness and 
the dominance of hydrophobic interactions. 

5. MATERIALS AND METHODS 

 Substrates 5.1.

 Latex coatings and their substrates 5.1.1.

Two different aqueous latex dispersions, polystyrene (PS) and 
carboxylated acrylonitrile butadiene styrene copolymer (ABS), and 
their blends were used for the latex coatings. Both of the latex 
components were emulsion polymerized. The ABS (film-forming) 
component was a copolymer with glass transition temperature Tg = 
8–10◦C (DL920, DOW Europe GmbH, d = 140 nm). The PS (nonfilm-

forming) component was polystyrene with Tg > 90◦C (DPP3710, 

DOW Europe GmbH, d = 140 nm in Papers 1 and 2; HPY83, Styron 
Europe GmbH, d = 130 nm in Paper 3). The two-component PS:ABS 
latex blends were prepared by mixing the PS and ABS components 
so that the weight ratios (wt%) in the blend were 20:80, 30:70, 
40:60, 50:50 and 60:40. 

A base paper (Veitsiluoto, Finland) with a ground calcium 
carbonate (Hydrocarb 90, Omya AG) precoating was used as a 
paper substrate for latex coatings in Paper 2. In Papers 1 and 3, a 
multi-layer curtain coated paper including a coated barrier layer 
was used as a paper substrate [Bollström 2012]. The latex blend 
was applied on the base paper substrate by a rod-coater (K Control 
Coater, RK Print-Coat Instruments Ltd., UK) or a roll-to-roll reverse 
gravure coater (RG, a custom-built roll-to-roll RG coater). The latex-
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coated paper was dried immediately after coating by radiating it 
with a short-wavelength infrared (IR) lamp (IRT-010, 1 kW, IRT 
systems, Hedson Technologies AB, Sweden) for 4 seconds. The IR 
lamp was positioned at about 20 cm distance from the sample. 
This sample is referred to as “pristine”. The samples were also IR-
treated for a longer period of time (60 s) with the same IR lamp. 
The peak temperature was around 180◦C at the surface. This 

sample is referred to as “IR-treated”. The single-component 
coatings containing only the ABS or the PS latex were fabricated 
through the same procedure as the two-component blend. The 
latex coatings were rinsed with water and ethanol prior to further 
analysis and treatments. 

Gold-coated AT-cut quartz crystals with a nominal frequency of 5 
MHz (Biolin Scientific AB, Q-sense, Sweden) were used for the QCM 
measurements. The crystals were cleaned by rinsing with ethanol 
and water, followed by drying with nitrogen gas (Papers 1 and 3). 
Latex, either pure ABS or a two-component blend, was spin-coated 
on the quartz crystal by dispensing a diluted latex dispersion (5:1 
water:latex volume ratio) on top of the quartz crystal and by 
rotating the crystal at a speed of 1000 rpm for one minute. In 
Paper 1, this was followed by rotation at 9000 rpm for 10 seconds. 
Pristine latex coatings and IR-treated latex coatings with IR 
treatment for 25 seconds were prepared. The latex coatings were 
rinsed with water and ethanol prior to the QCM measurements. 

 Pigment coatings 5.1.2.

Three different pigment top coatings were used as the substrates 
for the cell studies in Paper 2. Precipitated calcium carbonate (PCC) 
was used as a component in one of the coatings. The second top 
coating consisted of kaolin (Barrisurf HX, Imerys Ltd.) and a latex 
binder (Aquaseal 2077, Paramelt) [Bollström 2009]. The third 
coating consisted of a mixture of two different kaolin pigments 
(Barrisurf FX, Imerys Ltd. and Alphatex, Imerys Ltd.) and latex 
binder (Basonal®, BASF). 
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 Paper-based test arrays 5.1.3.

Patterned test arrays were printed by using PDMS due to its 
antifouling surface properties [Liu 2009, Ji 2000]. A three-
component ink consisting of PDMS with vinyl groups (Dehesive® 
920), a Wacker® catalyst OL and a crosslinker V24 with a weight 
ratio of 100:2.5:1 (Wacker Chemie, AG, Germany) was 
flexographically printed on the pigment-coated paper and IR-cured 
[Määttänen 2011]. The areas remaining unprinted by PDMS 
formed a matrix of circles with a diameter of 2 mm, 5 mm, or 7 mm 
(Figure 9). These unprinted, PDMS-free circles acted as test areas 
for cell culture. 

 

Figure 9. Printed test platforms for cell studies. A schematic image 
(a) and a photograph (b) of the array of circular test areas 
(diameter 5 mm) surrounded by printed PDMS. Paper 2. 

 Plasma- and poly-L-lysine treated polystyrene 5.1.4.

For the screen-printing tests, the polystyrene microscopy slides 
were modified with poly-L-lysine (PLL) and plasma in order to 
ensure the wettability of the substrate by the bioink (unpublished 
data). Polystyrene microscope slides (PS slide) were coated with 
poly-L-lysine (Trevigen Cultrex, 70 – 150 kDa) by immersing the 
slides in a solution of 0.01 % PLL in phosphate buffered saline (PBS, 
Dulbecco's modified phosphate buffer without calcium and 
magnesium) for two minutes. The excess of PLL solution was 
drained off and the PS slides were dried in ambient conditions for 4 
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h, washed with water (ultrapure milliQ water) twice and dried with 
pressurized air. The PLL-coated PS slides were sterilized by air 
plasma treatment (Harrick Plasma Cleaner/Sterilizer PDC-326) for 
two minutes. 

 Protein immobilization 5.2.

Protein adsorption to the latex-coated paper substrates was 
carried out in a custom-built liquid chamber (diameter 7 mm). 
Proteins were adsorbed from either a phosphate buffer (50 mM, 
pH 7, HNa2O4P·2H2O, Fluka and H2NaO4P·H2O, Sigma-Aldrich with 
100 mM NaCl) or a HEPES-EDTA buffer (10 mM HEPES (Sigma), 150 
mMNaCl (Fluka), 1 mM EDTA (Sigma), pH 7.4) (Table 1). The 
immobilization was carried out at 22 ± 2˚C. After adsorption, the 
samples were rinsed with purified water (MilliQ) and dried with 
nitrogen gas. 

Table 1. Protein adsorption to the latex coated paper substrates.  

Protein Buffer pH c [µg/ml] Vol. [µl] Ads. time 
[min] 

Avidin(* Phosphate 7.0 0.35, 3.5, 
10, 35, 100, 

350 

200 60 

Strept-
avidin(** 

HEPES-
EDTA 

7.4 2 100 20 

BSA(** HEPES-
EDTA 

7.4 1000 100 20 

FN(** HEPES-
EDTA 

7.4 30 100 20 

*) Paper 3 
**) Paper 1 

 (Strept)avidin adsorption 5.2.1.

Avidin solutions containing wild type avidin from chicken egg 
(Belovo S.A., Bastogne, Belgium) were used with concentrations of 
0.35 µg/ml to 350 µg/ml (Paper 3). Streptavidin from Streptomyces 
avidinii was purchased from Sigma (Paper 1). The concentration of 
the streptavidin solution was 2 µg/ml for protein immobilization to 
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a paper coating, whereas concentrations of 2 µg/ml and 100 µg/ml 
were used for QCM measurements. 

For the bacterial adhesion studies, 100 µl of avidin (350 µg/ml in 50 
mM phosphate buffer) was pipetted on the test areas of the cell 
study platform. Similarly, avidin that had been incubated three 
times in boiling water for 10 min was applied to the test area in 
order to coat the surface of the test area with denatured avidin. 
After an adsorption period of 30 min, excess avidin was rinsed off 
with 100 µl of phosphate buffer, followed by three further 1 min 
washing periods with 100 µl of ultrapure water. The samples were 
left to air-dry in ambient conditions overnight. 

 Serum albumin adsorption 5.2.2.

Bovine serum albumin (BSA, Sigma) was used at a concentration of 
1 mg/ml for the adsorption studies (Paper 1). Non-specific and 
specific adsorption of human serum albumin (HSA, Sigma) and 
biotinylated BSA (biotin-BSA) to pre-adsorbed avidin was studied at 
the albumin concentration of 100 µg/ml (Paper 3). The calculated 
conjugation ratio of biotin-BSA was 1:1 n(biotin):n(BSA). 

 Fibronectin adsorption 5.2.3.

Fibronectin from bovine plasma (Sigma) was adsorbed to the latex 
surfaces from a solution with a concentration of 30 µg/ml (Paper 
1).  

 Cell experiments 5.3.

 ARPE-19 and HepG2 5.3.1.

Human adult retinal pigment epithelia cells (ARPE-19 cells, ATCC 
CRL-2302) were cultured in DMEM-F12 (1:1) supplemented with 
10% fetal bovine serum, 2mM L-glutamine, 100 U/ml penicillin and 
100 µg/ml streptomycin. Human hepatocellular carcinoma cells 
(HepG2, ATCC HB-8065) were cultured in high glucose Dulbecco's 
modified Eagle's medium supplemented with 10% fetal bovine 
serum, 100 μg/ml streptomycin, 100 U/ml penicillin, 100 mM 
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sodium pyruvate and 2 mM L-glutamine. Cell lines were cultured at 
37 °C in a humidified incubator equilibrated with 7% CO2. 

ARPE-19 cell growth was studied on four different types of coated 
paper substrates. The printability of ARPE-19 and HepG2 cells was 
examined with screen printing and the viability of the printed cells 
was followed for 72 hours. Plasma treated poly-L-lysine coated 
polystyrene slides and a two-component latex coated paper were 
used as substrates for printing. 

ARPE-19 cells were seeded on 2-D cell arrays printed on different 
paper substrates at a cell density of 160 000 cells/cm2 (Paper 2). 
Three replicates were made and incubated in above mentioned 
conditions for 24, 48 and 72 h. 

The screen printing of suspensions of ARPE-19 and HepG2 cells in 
matrigel (1:4 in cell culture medium) was conducted by a TIC 
Screen Printer (SCF-260B, Technical Industrial Co.) immediately 
after the plasma treatment of PLL-coated PS slides (unpublished 
data). The used dilution proportion resulted in a screen-printable 
ink formulation. A polyurethane squeegee (Serilor® 3500×25×05 
soft) and a screen of monofilament polyester (Sefar PET 1500 
110/280-40) with a nominal thread diameter of 40 µm, a mesh 
opening of 47 µm and a theoretical ink volume of 17.3 cm3/m2 
were used. A screen with a mesh opening of 77 µm was also 
tested. The screen with the smaller mesh opening was chosen due 
to the better print quality. The squeegee and the mesh were 
sterilized with 70 % ethanol prior to printing. Duplicates were 
prepared for each of the incubation time point (24 h and 72 h).  

After the incubation, cells were fixed in 2% paraformaldehyde for 
15 min at room temperature and washed with PBS for three times. 
Depending on the substrate, the cells were stained with Hoechst 
33342 or 3,3’-dioctadecyloxacarbocyanine perchlorate (DiO). On 
transparent polystyrene substrates, the cell nuclei were stained 
with a Hoechst 33342 dye (1 µg/ml) and washed three times with 
PBS. Lipophilic DiO was chosen for staining the membranes on 
paper since a hydrophilic dye would have adhered to the paper 
substrate and caused a background signal. Additionally, the 
autofluorescence of the paper samples did not cause disturbing 
background at the fluorescence emission region of DiO (500 – 550 
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nm). DiO was dissolved in ethanol (35 µg/ml) and diluted in 
purified milliQ water to the working concentration of 5 µg/ml. 
Two-dimensional cell arrays were incubated in a DiO solution for 1 
h at room temperature and washed three times with PBS. The 
stained cells were observed with a fluorescence microscope (Nikon 
Microphot EPI-FL3, Japan) with a magnification of 10 or 20.  

The viability of the printed cells was studied with Alamar blue (10 
% of the sample volume, 3.5 h of incubation). The fluorescence was 
monitored with an excitation wavelength of 540 nm and emission 
of 590 nm with a PerkinElmer Luminescence spectrometer (LS50B).  

 S. aureus 5.3.2.

Bacterial adhesion experiments of S. aureus (ATCC 25923) to the 
latex substrates were conducted mainly by using the static biofilm 
method (Paper 3) [Oja 2014]. Filter-covered tryptic soy agar (TSA, 
Sigma-Aldrich) plates were inoculated by pipetting 1.5 ml of the S. 
aureus preculture diluted with TSB to a bacterial concentration of 
about 1 × 108  CFU/ml (colony forming units). The substrates for 
the bacterial studies were cleaned by dipping in sterile ultrapure 
water and air-dried in a laminar hood for 15 to 30 min. The 
substrates were then placed on the inoculated plates to allow the 
bacterial adhesion to the test area of the cell study platform and 
incubated for 2 h in a humidified incubator at 37 °C. The loosely 
attached bacteria were rinsed off by dipping the substrates in a 
TSB solution. 4 – 6 parallel samples were placed in microcentrifuge 
tubes containing 1 ml of 0.5 wt% Tween 20 (Sigma-Aldrich) in TSB. 
In order to remove the cells from the substrate, the samples were 
sonicated for 5 min. The bacteria in the suspensions were plated 
with appropriate dilutions on tryptic soy agar plates and the 
colonies were counted after an overnight incubation.  

A drop deposition method was used for studying bacterial 
adhesion on the printed cell study arrays (Paper 3). The cell study 
arrays were placed on a sterile petri dish and a 90 µl drop of the 
diluted S. aureus preculture was pipetted in the test area. After an 
incubation period of 2 h at 37 °C, the drops were removed by 
pipetting from the test area, and the test area was rinsed with 100 
µl of ultrapure water by pipetting in order to remove the loosely 
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bound bacteria. The bacteria were counted as described for the 
static biofilm method above. 

 Surface characterization methods 5.4.

 Atomic force microscopy 5.4.1.

Atomic force microscopy (AFM) is a technique belonging to the 
family of the scanning probe microscopy (SPM) that covers several 
techniques for probing a surface. AFM was introduced by Binnig et 
al. in 1986 [Binnig 1986], followed by the development of 
numerous applications [Fujihira 1999, Sahin 2008, Hardin 2011, 
Young 2011]. The wide range of operating modes and the variety 
of samples that can be investigated with AFM have made it the 
most used scanning probe microscope technique.  

An AFM probe, consisting of a sharp tip in a nanometer scale, a 
flexible cantilever and a cantilever holder, scans over the sample 
surface that is moved by a piezoelectric xyz-scanner (Figure 10) 
[Hardin 2011]. The tip-sample interactions cause cantilever 
bending when the tip and the sample are brought close to each 
other. The deflection of the cantilever is determined with a laser 
beam that reflects from the end of the cantilever to the 
photodiode. The feedback loop between the optical detection 
system and the scanner generates the AFM images. 

 

Figure 10. Configuration of an atomic force microscope. 
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In intermittent contact mode AFM (also called as tapping mode), 
the cantilever is oscillated at or close to its fundamental resonance 
frequency with predetermined amplitude, being excited by a 
piezocrystal in the cantilever holder [Hardin 2011, Zhong 1993]. As 
the tip approaches the surface, it begins to tap the surface during 
the oscillation cycles. The amplitude, resonance frequency and 
phase angle of oscillation change due to tip-sample interactions 
that include van der Waals and short-range repulsive interactions, 
and electrostatic, adhesion and capillary forces [Garcia 2002]. The 
amplitude is kept constant during the scanning by adjusting the tip-
sample distance, and also in this system the photodiode-piezo unit 
feedback loop generates an AFM topograph of the surface. In 
comparison to contact mode AFM where the deflection of the 
cantilever is kept constant and the tip is continuously in contact 
with the sample, the risk for damaging the sample or 
contaminating the tip by the sample is decreased in the 
intermittent contact mode. Intermittent contact mode is thus a 
suitable AFM mode for examining soft samples, such as materials 
of biological origin.  

The surface potential mode of AFM (SP-AFM) is an electric 
technique that uses a two-pass measurement in which the 
topography is detected during the first scan over the surface in 
intermittent contact mode, followed by scanning with a lifted tip at 
a constant tip-sample distance. The effective surface potential of 
the sample surface is measured during the second scan by 
adjusting the voltage on the tip to that of the sample. Samples 
consisting of regions of different materials show a contrast in a 
surface potential image due to the contact potential differencies 
[Hardin 2011]. In the case of molecular systems with dipoles, 
surface potential can be related to the strength and orientation of 
molecular dipoles [Fujihira 1999]. 

Torsional harmonic mode AFM (TH-AFM or HarmoniXTM), also 
working in intermittent contact mode, gives information on several 
nanomechanical properties of the surface simultaneously with the 
topography and phase imaging [Sahin 2008, Sahin 2008b]. The 
torsional harmonic probe consists of a tip located at one side of a 
T-shaped cantilever, i.e. the tip is non-symmetrically positioned in 
the cantilever [Sahin 2007]. As the cantilever is oscillating vertically 
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over the surface at a higher harmonic frequency, a torsional 
movement is induced by the tip-sample interactions. Each 
oscillation cycle produces a force-distance curve (Figure 11) that is 
used to map the tip-sample interaction forces, such as adhesion 
force (Fadh).  

 

Figure 11. A force-separation curve. 

Material properties of surfaces and tip-sample adhesion can be 
mapped also by PeakForceTM quantitative nanomechanical 
mapping (QNMTM) (referred to as peak force AFM or PF-AFM in this 
work) that is based on measuring the force curves at a non-
resonant mode [Young 2011]. The peak force can be accurately 
controlled with the force curves and by choosing an AFM probe 
with a suitable spring constant value. Using low peak force is 
beneficial for minimizing the damage or deformation of sensitive 
samples, such as proteins.  

A common problem of the AFM measurements is the convolution 
effect arising from the shape of the tip that influences the lateral 
resolution of an AFM image, i.e. the lateral dimensions of imaged 
objects get distorted (overestimated). The cone angle and the 
radius of curvature (R) of the tip in addition to the radius of the 
imaged object (r) contribute to the tip-sample convolution, 
resulting in the observed (measured) lateral dimension rc of the 
object according to  

𝑟𝑐 = 2√𝑅𝑟    (12) 
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The convolution is most pronounced when the tip and the imaged 
object are of the same size range (Figure 12) 
[http://www.ntmdt.com]. 

 

Figure 12. The convolution effect in the case where the radius of 
curvature of the tip is comparable to the dimensions of the imaged 
object (R ≈ r) [http://www.ntmdt.com]. 

In this work, all the AFM measurements were performed with 
intermittent contact mode in air, either alone or simultaneously 
with other AFM modes. The SP-AFM and the TH-AFM were used in 
Paper 1. The PF-AFM mode was used in Paper 3. NanoScope V 
MultiMode 8 AFM (MultimodeTM, Bruker) and NTegra Prima AFM 
(NT-MDT, Russia) were used as described in Papers 1 - 3. 
Roughness analyses were performed with the Scanning Probe 
Image Processor software (SPIP, Image Metrology, Denmark). 
Typically, the topographs were filtered with a Gaussian filtering 
and fitted by a LMS fit.  

 Contact angle measurements  5.4.2.

The contact angle measurements and determination of the surface 
energy has been described in section 3.2. Static apparent contact 
angles were measured with a CAM 200 contact angle goniometer 
(KSV Instruments Ltd., Papers 1 - 3). The surface energy was 
determined in ambient conditions by using water (ultrapure MilliQ 
water), diiodomethane (DIM, Sigma) and ethylene glycol (EG, 
Sigma-Aldrich) as probe liquids with a typical drop volume of 1-2 
µl.  

 

 



 

32 
 

 X-ray photoelectron spectroscopy 5.4.3.

X-ray photoelectron spectroscopy (XPS) is used to examine the 
elemental composition and the chemical state of atoms on 
surfaces [Kibel 2003, Briggs 1994]. A low sampling depth of XPS, ≤ 
10 nm, makes it a very surface sensitive method. The sample 
surface is irradiated in ultra-high vacuum with X-ray photons that 
interact with the atoms located in the surface region causing 
emission of electrons from the core levels (photoelectrons) and 
from the valence levels (Auger electrons). The emitted 
photoelectron has a kinetic energy that is characteristic for the 
corresponding element. The different binding energies can be used 
to identify different atoms. The binding energy of the element can 
be calculated from the measured kinetic energy of the 
photoelectrons by 

Ebinding = hv – Ekinetic - W   (13) 

where hv is the energy of the photons, Ekinetic is the kinetic energy 
of the emitted electrons and W is the work function of the 
spectrometer. The binding energy is calculated in respect to the 
Fermi level of the solid, and the work function describes the energy 
difference between the vacuum level and the Fermi level. 

In this work, the XPS spectra were obtained with a PHI Quantum 
2000 scanning spectrometer at a measurement angle of 45°, using 
monochromatic Al Kα (1486.6 eV) excitation and charge 
neutralization. The atomic concentration of the elements was 
calculated by using the Multipak v 6.1A (Physical Electronics) 
software. 

 Quartz crystal microbalance 5.4.4.

In quartz crystal microbalance (QCM), a piezoelectric quartz crystal 
with electrodes on both sides is oscillated at its resonant frequency 
by applying an electric field. QCM is a label-free in situ method that 
is used to detect the mass of adsorption via frequency changes. For 
sufficiently rigid films, the mass change, Δm, can be calculated 
according to the Sauerbrey relation (eq. 14) [Sauerbrey 1959]. For 
the validity of the Sauerbrey relation, the adsorbed layer should 
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also be thin and evenly distributed, and the adsorbed mass small 
compared to the mass of the crystal. The change of frequency is 
related to the adsorbed mass through 

Δ𝑚 = −
𝐶

𝑛
𝛥𝑓𝑛    (14) 

where C is a mass sensitivity constant, f is frequency and n is the 
frequency overtone number.  

QCM with dissipative monitoring (QCM-D) can be used to obtain 
the viscoelasticity of adsorbed materials by measuring the decay of 
oscillation [Rodahl 1995, Rodahl 1996, Rodahl and Kasemo 1996]. 
The energy applied during a QCM-D experiment decays faster for a 
non-rigid adsorbed film with viscoelastic properties, in comparison 
to a rigid or non-viscoelastic film. The dissipation factor, D, is 
reciprocal of the dimensionless Q factor (eq. 15) [Rodahl 1997, 
Vogt 2004]. 

𝐷 = 𝑄−1 =
𝑅

2𝜋𝑓𝐿
=

𝐸𝑑𝑖𝑠𝑠𝑖𝑝𝑎𝑡𝑒𝑑

2𝜋𝐸𝑠𝑡𝑜𝑟𝑒𝑑
  (15) 

where R is resistance, L is inductance, f is frequency, 𝐸𝑑𝑖𝑠𝑠𝑖𝑝𝑎𝑡𝑒𝑑  is 

the dissipated energy and 𝐸𝑠𝑡𝑜𝑟𝑒𝑑  is the stored energy during one 
oscillation period. 

QCM-D can be used to study the mass and the rigidity of adsorbed 
protein layers. The detected mass includes both the mass of the 
adsorbed component and the mass of water that is entrapped 
within the adsorbed layer [Bingen 2008, Ray 2015]. For example, 
the layer of avidin that does not saturate the surface may contain 
up to 86 m-% of water whereas a protein layer with a saturated 
coverage could still contain 50 m-% of water. 

In this study, the protein adsorption experiments were made with 
an impedance based QCM-D equipment (QCM-Z500, KSV 
Instruments, Finland) with a batch sampling measurement 
chamber at a constant temperature of 25 °C (Papers 1 and 3). The 
volume of the measurement chamber is approximately 300 µl. The 
QCM measurement chamber was first filled with buffer and when 
a stable baseline was achieved, solutions of interest were dosed 
into the measurement chamber via a temperature loop. The 
chamber was flushed with buffer between each addition of the 
sample solution in order to remove any excess or unspecifically 
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bound protein. The surface titrations with avidin were conducted 
by alternating the avidin solutions with an increasing concentration 
and buffer (Paper 3). The frequency and dissipation changes were 
monitored and, accordingly, the adsorbed mass and rigidity of the 
adsorbed layers were evaluated. 

6. SUMMARY OF THE RESULTS 

The work was initiated by characterizing different substrates to be 
used for protein adsorption and cell growth studies. Paper 
substrates with latex coatings were found to support the cell 
growth best compared to the other paper coating materials. Latex 
coatings were thus further developed. Latex surfaces were IR 
treated and the surface chemistry and topography were modified 
by changing the coating composition. These coatings were used for 
protein adsorption and patterning studies with three model 
proteins. Moreover, the printability of proteins and cells was 
demonstrated with the developed latex surface as a printing 
substrate. The conformation and activity of avidin on the latex 
surface were examined. Finally, the cell study platform without and 
with pre-adsorbed avidin was used to study the bacterial adhesion. 

 Surface properties of the studied substrates 6.1.

The surface properties of pigment-coated (Paper 2) and latex-
coated (Papers 1 and 3) paper substrates are summarized here. 
Latex blends were rod-coated on precoated paper substrates, as 
described in section 5.1.1. The effect of IR treatment on the 
composition, topography and energetics of the latex coatings, in 
comparison to the pristine latex surfaces, was first studied (Paper 
1). The surface properties of the IR treated coatings were then 
modified by changing the composition of the latex blend (Paper 3). 
The surface properties of the PS slides modified with PLL and 
plasma treatment are also described in this chapter. The PS slides 
were used as substrates for printing and analyzing the viability of 
ARPE-19 and HepG2 cells (unpublished data).  
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 Composition of pristine and IR treated latex coatings 6.1.1.

Pristine single-component ABS latex coatings consisted of an 
ordered lattice of latex particles with a diameter of 135 – 170 nm, 
according to the AFM measurements (Figure 13 a). The PS coatings 
differed from the ABS coatings in that the PS particles were more 
randomly packed, presumably as a result of more polydispersed 
particles (diameter 90 – 190 nm) (Figure 13 c). Both ABS and PS 
particles were deformed in the vertical direction in the coating 
(Figure 13 b and d), i.e. flattened, whereas the measured lateral 
diameter of the particles in the coating corresponded to the size of 
the particles in the dispersion (140 nm) [Ihalainen 2010, Steward 
2000]. The flattening was more pronounced for the ABS particles 
due to the lower glass transition temperature (Tg) that enabled the 
drying of the coating to proceed to the film formation stage. The Sq 
values decreased from 2.9 nm (pristine) to 0.5 nm for ABS and 
from 23 nm to 1.3 nm for PS due to the IR treatment. 

 

Figure 13. AFM topographs of the pristine single-component ABS 
latex coating (a), the IR treated single-component ABS coating (b), 
the pristine single-component PS latex coating (c) and the IR 
treated single-component PS latex coating (d). The image size is 1 
µm × 1 µm.   
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Surfactants based on sodium salts of anionic sulfate or sulfonate 
are commonly used in latex dispersions in order to keep the 
dispersions stable [De Haenen 2004, El-Aasser 1983]. The drying of 
the latex coating induces the migration of the surfactants to the 
surface [Backfolk 2006]. In this study, sulphur and sodium were 
detected with XPS, which was attributed to the presence of 
surfactant molecules on the surface (Table 2). Lower relative 
amounts of sulphur and sodium in the PS coating in comparison to 
the ABS coating (Table 2) indicates that the coatings had 
proceeded to different stages of drying. The ABS coating had 
presumably proceeded to the film-forming stage (final drying 
stage), whereas the drying of the PS coating had not proceeded 
equally far (Figure 13 a and c). Sulphur may also originate from 
persulfate initiators used in the emulsion polymerization [Van den 
Hul 1970]. 

The presence of oxygen can originate from the surfactants and, 
additionally, from the carboxyl groups on the carboxylated ABS 
latex. Although there are nitrile groups in the ABS polymer chains, 
the XPS measurements of the pristine latex surfaces did not show 
any nitrogen, which indicates that the ABS film was at least partly 
covered by surfactants (Paper 1). The surfactants on the surface 
naturally modify the surface energy, and for the pristine ABS 
surface a low θw,a value was observed (Table 2). 

The pristine two-component latex coating consisted of locally 
clustered particles partially embedded in the continuous film 
(Figure 14 a). As discussed earlier, the low-Tg ABS latex forms a film 
already at room temperature, thus the observed particles 
represent the high-Tg PS latex intermixed with the continuous ABS 
film. The surface elemental composition of the pristine two-
component latex coating was quite similar to that of the ABS 
coating, although with less sodium and sulphur due to the 
increased surface coverage of PS (Table 2). 
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Figure 14. AFM topographs for the pristine (a) and the IR treated 
(b) two-component ABS/PS latex coating with PS:ABS weight ratio 
of 40:60. The image size is 5 µm × 5 µm.   
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Table 2. Surface analysis data for the pristine and IR treated ABS 
and PS latex coatings. Data for elemental composition by XPS, 

apparent water contact angle (θw,a), surface energy () and tip-
surface adhesion force (Fadh) values is included. Papers 1 and 3. 

XPS elemental composition [at%] 

Paper 1       
Treatment Phase C1s O1s Na1s S2p N1s 
Pristine PS 91.3 6.2 1.3 0.5  
IR treated PS 96.8 2.8 0.4   
Pristine ABS 69.8 19.8 7.1 3.4  
IR treated 
Pristine 
IR treated 

ABS 
PS, ABS 
PS, ABS 

76.9 
76.1 
93.6 

15.3 
18.2 
6.4 

5.0 
3.1 

2.8 
1.9 

 
 

Paper 3       
Treatment Phase C1s O1s Na1s S2p N1s 
IR treated ABS 94.1 5.8   0.5 
IR treated 85 % PS 95.3 4.7    

 
Apparent water contact angle (θw,a) 

Paper 1       
Treatment Phase θw,a [°]     
Pristine(* PS 90 ± 2     
IR treated(* PS 86 ± 3     
Pristine(* ABS 31 ± 2     
IR treated(* ABS 45 ± 3     
Paper 3       
Treatment Phase θw,a [°]     
IR treated(** PS 98 ± 3     
IR treated(** ABS 66 ± 3     
       

Surface energy ( 
Paper 3   
Treatment Phase Surface energy [mN/m] 


LW

 
+
 

-
 

tot
  

IR treated PS 43.6 0.0 0.0 43.6  
IR treated ABS 39.8 0.0 7.1 40.1  
       
Tip-surface adhesion force at zero peak force (Fadh) 

Paper 1       
Treatment Phase Fadh [nN]     
Pristine PS 3.9 ± 0.4     
IR treated PS 1.9 ± 0.2     
Pristine ABS 3.5 ± 0.3     
IR treated ABS 2.1 ± 0.2     
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The surface structure and chemistry were modified by the IR 
treatment and the subsequent rinsing step. The single-component 
latex coatings formed films that smoothened during the IR 
treatment. The film formation and particle coalescence were 
enabled by the autohesion, i.e. the inter-particle migration of the 
polymer chains, initiated by the IR treatment [Steward 2000].  

When the two-component pristine latex coating was IR-treated, 
the resulting surface comprised two height levels representing the 
two latex components (Figure 14 b). The higher level corresponds 
to PS that appears as randomly shaped and flattened clusters of 
PS. These clusters were partially embedded in the lower level 
phase attributed to the smooth ABS film. Surface topography of 
the two-component latex showed a drastic change after the IR 
treatment and, contrary to the single-component coatings, the 
surface roughness increased. Surface topography of the two-
component latex coatings is discussed in more detail in section 
6.1.2. 

The θw,a value of the single-component PS latex either remained 
approximately the same (Paper 1) or increased (Paper 3) as a result 
of the IR treatment, and also the IR treated PS had the 
hydrophobic characteristics. The θw,a value for the single-
component ABS latex surfaces increased but remained in the 
hydrophilic region. The hydrophilicity of ABS was expected due to 
the carboxylation of the ABS latex. The sulphur and sodium surface 
content of the ABS phase decreased (Paper 1) or disappeared 
completely (Paper 3, Table 2).  

The surface of the IR treated two-component latex films consisted 
of carbon, oxygen and nitrogen (Paper 3). High resolution nitrogen 
spectra showed a linear decrease with increasing surface ratio of 
the hydrophobic latex, suggesting the removal of surfactants and 
indicating that the nitrogen content indeed results from the nitrile 
groups of the ABS latex component. Thorough rinsing was a crucial 
step for removal of the sulphur and sodium containing additives 
during this study. The differencies in the surface characteristics 
between the latex coatings in Paper 1 and Paper 3 are mainly due 
to the improved rinsing procedure in Paper 3.  
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Surface energy calculations for the IR-treated single-component 

surfaces (Paper 3, Table 2) showed that tot is slightly higher for the 

apolar PS, whereas ABS films showed a Lewis basic character, -. 
The nitrile groups of ABS can be considered to have relatively 
strong Lewis basic nature with pKa of about 24 [Bordwell 1978]. 
The Lewis basic nature can be attributed to the enhanced 
attractive interaction between bipolar materials and the surface 
[Chibowski 2000, Li 2004, van Oss 1987]. 

The adhesion force, Fadh, between the AFM tip and the sample was 
measured for pristine and IR treated two-component latex (Paper 
1, Table 2). The Fadh values were extrapolated to the zero peak 
force value in order to minimize the influence of tip indentation. 
The IR treated sample showed lower Fadh values than the pristine 
sample. On the other hand, only a small difference was detected 
between the PS and the ABS phases. The tip-sample adhesion 
could be attributed to the van der Waals interactions, since the 
contribution of chemical bonding and electrostatic interactions to 
Fadh could be assumed to be negligible. The chemical bonding 
between the tip and the sample is unlikely and the silicon tip 
surface is not expected to accumulate surface charges. The 
decreased value of Fadh after the IR treatment may indicate the 
removal of the surfactants that, with their polar nature, are 
expected to increase the tip-sample interactions.  

The surface potential values were also measured for the IR treated 
ABS and PS phases with AFM (about -540 mV and -600 mV, 
correspondingly), and their change after the contact with a protein 
solution was further related to the protein adsorption (Paper 1). 

 Influence of the latex blend composition on surface 6.1.2.
topography 

The weight ratio of hydrophobic PS and hydrophilic ABS in the latex 
blend was changed in order to modify the surface topography and 
chemistry of the latex coating (Paper 3). The smooth film-like 
surface of the ABS coating evolved towards a structured surface 
with two height levels, when the amount of PS was increased in 
the coating blend (Figures 15 and 16). The height distribution was 
clearly bimodal with a height difference of 20-40 nm between the 
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two distinct height levels. The relative surface coverage of PS 
increased linearly with a slope of 1.37 up to 60:40 weight ratio of 
the PS component in the latex blend and, due to this, the surface 
topography could be tailored in a controlled way. 

Figure 15. Height profiles of the latex surfaces with varying surface 
coverage of the PS component. The increasing values of surface 
coverage of PS correspond to the PS:ABS weight ratios (wt%) of a) 
0:100, b) 20:80, c) 30:70, d) 40:60, e) 50:50 and f) 60:40 in the 
blend, respectively. Paper 3.  
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Figure 16. AFM topographs of the latex surfaces with varying 
surface coverage of the PS component. The increasing values of 
surface coverage of PS correspond to the PS:ABS weight ratios 
(wt%) of a) 0:100, b) 20:80, c) 30:70, d) 40:60, e) 50:50 and f) 60:40 
in the blend, respectively. Paper 3. 

Roughness of the latex coatings was analyzed from the AFM 
topographs of 5 µm × 5 µm and 150 nm × 150 nm. In the smaller 
scale, the roughness values of both latex components remained 
unchanged regardless of the coating composition (Table 3). In the 
larger scale, Sdr (increment of the interfacial surface area) and Vv 
(total void volume) roughness increased as a function of the 
relative surface coverage of the PS phase up to 61 % surface 
coverage of PS (Figure 17). Sdr may contribute to the loading 
capacity of the surface. The higher Vv value indicates both poorer 
bearing characteristics and better fluid retention of the surface 
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and, if the size of the adsorbate is large enough, Vv can be related 
to the contact area between the surface and the adsorbate. 

Table 3. Sdr, Sq and Scl roughness values for ABS and PS latex 
phases. The roughness parameters are calculated from 150 nm × 
150 nm AFM topographs. Paper 3. 

 

 

Figure 17. Surface area ratio (Sdr) and total void volume (Vv) for the 
composite latex surfaces versus surface coverage of the PS phase. 
The roughness parameters are calculated from 5 µm × 5 µm 
images. Paper 3. 

In conclusion, IR treatment together with the rinsing step caused 
the decrease or removal of the additives from the surface. 
Furthermore, the IR treatment resulted in the coalescence of the 
PS particles and in the formation of a bimodal topography with two 
distinct height levels, the higher level representing hydrophobic PS 
and the lower level representing the hydrophilic ABS layer.  

 Surface properties of pigment coatings 6.1.3.

The AFM topographs for the pigment coatings are shown in Figure 
18. In Table 4, the water contact angle values, the surface energy 

 Sdr [%] Sq [nm] Scl [nm] 

ABS 0.8 ± 0.2 0.55 ± 0.16 20 ± 4.5 

PS 0.5 ± 0.1 0.71 ± 0.09 10 ± 2.1 
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values, and the roughness parameter values for these surfaces are 
listed.  

The PCC surface had the lowest bearing area and the highest Sq 
and Sdr values. The apparent water contact angle of the PCC 
coating was very close to 90˚, being thus practically a non-wetting 
surface. The kaolin surfaces were found to be partially wetting, the 
two-component kaolin surface having the most water wettable 
nature with the highest Lewis basic and polarity values. The kaolin 
coatings had Sdr values close to each other, whereas the one-
component kaolin surface showed a higher Sq value and a bearing 
area ratio value. For comparison, the two-component latex with 55 
% surface coverage of PS had the bearing area ratio value of 74 ± 5, 
similar to that of the one-component kaolin coating (Paper 2).  

 

Figure 18. AFM topographs of a) a PCC coating, b) a coating with 
two different kaolin pigments, and c) a one-component kaolin 
coating. Paper 2. 
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Table 4. Apparent water contact angle (θw,a), surface energy (), 
and roughness parameter values for the pigment coatings. Paper 2. 

Apparent water contact angle (θw,a) 

Pigment coating  θw,a [°]     
PCC  87 ± 3     
Two-component kaolin  15 ± 3     
One-component kaolin  56 ± 2     
       

Surface energy ( 
Pigment coating 
 

 Surface energy [mN/m] 

 
LW

 
+
 

-
 

tot
 Polarity 

[%] 
PCC  31.6 0.6 1.3 33.3 5.1 
Two-component  
kaolin 

 27.2 1.3 20.5 37.5 27.5 

One-component  
kaolin 

 34.5 0.3 8.6 37.5 
 

8.0 
 

       
Roughness parameters 

Pigment coating 
 

 Roughness parameters 

 Bearing area 
[%] 

Sq [nm] Sdr [%] 
 
42 ± 9 
26 ± 2 
 
25 ± 3 

PCC  29 ± 5 76 ± 4 
Two-component  
kaolin 

 60 ± 15 36 ± 3 

One-component  
kaolin 

 76 ± 13 50 ± 10 

 Surface properties of the P-PLL-PS slides 6.1.4.

PS microscopy slides were used as substrates for the cell printing 
tests. A modification of the surface was needed in order to achieve 
good print quality in the printing tests with matrigel (Table 5). 
Positively charged PLL is widely used as a coating material for an 
improved cell-surface interaction [Morga 2015]. Here, the surface 
treatment of the PS slide by PLL and plasma was carried out in 
order to enhance the wettability of the surface. Indeed, the PS 
slide coated with PLL had a much smaller θW than that of the 
nontreated PS slide. The hydrophilicity of the PLL-coated PS slide 
was further increased with the plasma treatment (P-PLL-PS), 
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mainly through increased roughness of the surface. An even 
matrigel layer (visual inspection) could be screen-printed on P-PLL-
PS that was chosen for the cell printing experiments. 

Table 5. Sdr values (from 5 µm × 5µm topographs), apparent water 
contact angles (θa) and Young contact angles (θY; calculated by 
using eqs. 4 and 5) for the PS slides without surface treatment and 
with PLL and plasma treatments. Unpublished data. 

Substrate Sdr [%] θa [°] θY [°] 

PS  10.3 87±1 87 

PLL treated PS (PLL-PS) 3.0 47±2 49 

PLL and plasma treated PS (P-PLL-
PS) 

14.5 6±1 30 

 Protein adsorption on the latex coatings 6.2.

The characterization of the different latex coatings showed that 
surfaces with both different chemical and topographical properties 
can be prepared by varying the composition of the coating. The 
next step was then to study how proteins adsorb to these different 
latex surfaces. The coatings were expected not only to offer a 
substrate for protein immobilization but also for creating 
patterned structures. The immobilization was examined for bovine 
serum albumin (BSA), fibronectin (FN) and streptavidin (SA) (Paper 
1). Furthermore, the adsorption of avidin to the hydrophobic PS 
and hydrophilic ABS latex phases was studied in Paper 3. The 
activity of adsorbed streptavidin was verified by using biotinylated 
CRP antigen (Paper 1). 

 Influence of surface chemistry and topography on 6.2.1.
protein immobilization 

Adsorption of BSA, FN and SA was studied with XPS, surface 
topography measurements (AFM), surface potential AFM and 
QCM. BSA adsorbed readily to the PS and ABS phases, both on the 
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pristine and the IR treated surface, despite their different surface 
chemistry. A structurally flexible BSA protein contains both 
hydrophilic and hydrophobic domains, as well as charged and 
uncharged regions, which enables adsorption to many types of 
surfaces [D´Sa 2010]. At the adsorption pH of 7, the overall surface 
charge of BSA (IEP 5) is, however, negative. BSA was found to 
adsorb to the pristine surface containing anionic surfactant 
molecules, which indicated that the overall electrostatic 
interactions may not have dominated the adsorption of BSA 
[Jeyachandran 2009]. BSA is able to undergo structural changes 
during the interaction with the surface, leading to enhanced 
adsorption ability.  

Contrary to BSA, the adsorption of FN and SA to the pristine 
surface was smaller or almost fully inhibited. FN had negligible 
adhesion toward the pristine surface, whereas it appeared in 
globular-like form on the PS phase of the IR treated coating. Also 
SA adhered preferentially to the PS phase of both the pristine and 
the IR treated surfaces. However, only a small amount of 
streptavidin adsorbed, partly reversibly, to the pristine surface 
compared to the IR treated latex surface, as evident from the QCM 
measurements.  

Enhanced protein adsorption to the hydrophobic PS phase was 
expected. Suppressed protein adsorption to the ABS phase most 
probably resulted from the hydrophilicity of this phase and the 
increased polymer chain mobility of ABS, as it is in the amorphous 
state at room temperature [Liu 2009, Ji 2000, Otsuka 2004]. The 
electrostatic interactions between the charged proteins and the 
surface were also suggested to affect the protein adsorption. At pH 
7, the net negatively charged FN experienced electrostatic 
repelling forces toward the negatively charged pristine surface 
[Österlund 1988, Belegrinou 2008]. The electric double layer 
interactions of the near-neutral SA protein are suppressed at pH 6–
7.5 [van Oss 2003 b]. Thus the used buffer solution and the 
hydrophobic interactions take the main role in the adsorption 
process [van Oss 1993, Kidoaki 1999]. Due to the different surface 
chemistry of the PS and ABS phases, the IR treated two-component 
latex surface enabled patterned adsorption of fibronectin and 
(strept)avidin. 
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The avidin adsorption experiments were performed for various 
protein concentrations on the IR treated latex coatings (Paper 3). 
Avidin patterning on the IR treated surface was observed at low 
concentrations of 0.35 and 3.5 µg/ml (Figure 19), whereas higher 
concentrations did not give any Fadh difference between the two 
latex phases. At higher concentrations, avidin adsorbed to both of 
the latex phases and, as a result, the Fadh difference disappeared.  

 

Figure 19. An AFM topography image (a) and an adhesion force 
(Fadh) map (b) on avidin molecules at a two-component IR treated 
latex surface adsorbed from a solution of concentration 0.35 
µg/ml. The arrows point to avidin adsorbed to the PS phase. In the 
Fadh map, the darker contrast indicates a lower tip-sample adhesion 
force. Unpublished data. 

The morphology of adsorbed avidin changed from single and 
separated protein molecules towards a mesh-like structure with 
increasing concentration (Figure 20). On the PS phase, the average 
height of the adsorbed proteins varied between 3 and 5 nm, which 
compares well to the dimensions of an avidin tetramer (4 × 5.5 × 6 
nm). A smaller height value (2 – 3 nm) was detected for avidin on 
the surface of ABS. The Sdr roughness values for the surfaces with 
immobilized avidin increased with the concentration on both of the 
latex phases, the increase being more pronounced on the PS 
phase. A maximum was found at the concentration of 10 µg/ml. In 
the AFM measurements, however, the tip convolution effect limits 
the detection accuracy of the lateral dimensions of the objects in 
the protein layers. Therefore, the degree of surface coverage of 
the avidin layer could not be reliably determined from the AFM 
topographs. 
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Figure 20. Line profiles (from 150 nm × 150 nm AFM topographs) 
over the PS phase (a, c, e, g) and the ABS phase (b, d, f, h) before 
and after avidin immobilization from different concentrations as 
indicated in the profile images. Paper 3. 

In addition, AFM topographs showed occasional double layer 
structures for films being deposited from solutions with 
concentrations above 10 µg/ml (Figure 21). These double layer 
structures were mainly observed on the PS phase. The thickness of 
the upper layer in the double layer structure was generally higher 
than the monolayer avidin film on the PS phase, being 5-6 nm. The 
conformational changes, i.e. the surface-induced denaturation, of 
the protein layer adsorbed on the hydrophobic surface have been 
shown to induce a stronger protein-protein interaction, resulting in 
agglomeration of protein molecules [Kamiya 2014], which could 
explain the double layer formation on PS. 
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Figure 21. An AFM topograph (image size 500 nm × 500 nm) and a 
height profile of an avidin double layer on a two-component latex 
surface. Avidin was adsorbed from a solution with 100 µg/ml 
concentration. The dark/light color contrast refers to low/high 
topographical features. Unpublished data. 

The QCM measurements showed that the two-component latex 
surface became almost saturated at an avidin concentration of 
about 100 µg/ml (Paper 3). A minor decrease of the frequency was 
observed when the sample surface was rinsed with the buffer only 
after adding the high concentration (100 µg/ml or 350 µg/ml) 
solution of avidin to the QCM chamber. Additionally, avidin was 
observed on the paper coatings after vigorous rinsing with water, 
as observed by AFM and XPS (Paper 3). This indicates that the 
protein-surface interaction was relatively strong and irreversible, 
which would allow the use of the substrate in applications based 
on avidin-biotin functionality.  

The avidin loading capacity of the latex coatings at the saturation 
concentration regime (350 µg/ml) depended on the composition of 
the surface. When the relative surface coverage of the PS phase 
was increased from 0 % to 85 %, the effective mass of the 
adsorbed avidin increased by 25 % (Figure 22). This is in 
accordance with the general observation of hydrophobic surfaces 
having a higher protein loading capacity than hydrophilic surfaces 
(section 4.1.). Additionally, the ordered and disordered regions of 
proteins and their multi-domain structure may affect the 
orientation of the adsorbed proteins, depending on the surface 
properties such as wettability (section 4.2.). The avidin molecules 
were suggested to obtain a different conformation and packing 
density on the ABS and PS phases (Paper 3). Previously, avidin has 
been shown to adsorb more tightly-packed on hydrophobic 
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surfaces and occupy a larger surface area on hydrophilic surfaces 
[Albers 2012, Vikholm-Lundin 2012]. Adsorption with side-on 
orientation to the hydrophilic ABS phase and adsorption with end-
on orientation to the hydrophobic PS phase could also explain the 
higher packing density of avidin on PS. Avidin has shown to adopt a 
side-on orientation by binding specifically to carboxylated surfaces, 
although non-specific adsorption could lead to random orientation 
[Misawa 2006].  

Furthermore, the increased surface area (Sdr) and the larger 
amount of interphases of chemically different material domains 
have previously been suggested to contribute to an increased 
protein loading capacity [Riedel 2001, Sutherland 2001, Kumar 
2008, Dupont-Filliard 2004]. Here, the Sdr value increased only a 
few percentages with increasing surface coverage of PS (Figure 17), 
and thus can explain only partly the increased avidin adsorption. 

 

Figure 22. Adsorption of avidin to the ABS latex and two-
component latex surfaces. Paper 3. 

 Activity of immobilized strept(avidin) 6.2.2.

The specific binding activity of avidin to biotin-BSA was studied on 
IR treated latex surfaces as a function of increasing surface 
coverage of PS (Paper 3). Avidin was immobilized from a solution 
with a concentration of 350 µg/ml (Figure 22) in order to, firstly, 
ensure the surface saturation and, secondly, to minimize the 
denaturation of avidin [Vogler 2012, Seigel 1997]. The best specific 
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binding activity was detected on ABS where avidin bound 1.95 
biotin-BSA molecules, whereas 1.27 – 1.45 biotin-BSA molecules 
were bound by immobilized avidin on the two-component latex 
surfaces (Figure 23). Surface-induced denaturation of avidin caused 
by the hydrophobic interactions was suggested to reduce the 
specific activity on the PS phase. The larger specific binding ability 
of avidin on ABS could be attributed to the lower packing density 
that allows avidin to bind two biotin molecules. The dense packing 
of avidin on the PS phase could have caused steric hindrance for 
binding of biotin-BSA.  

 

Figure 23. The molar binding capacity of biotin-BSA to pre-
adsorbed avidin. Paper 3. 

Furthermore, immobilized streptavidin was able to bind 
biotinylated CRP antigen (Paper 1). This was demonstrated for 
streptavidin that was adsorbed in the QCM chamber and, in 
addition, for ink-jetted streptavidin (Paper 1). (Strept)avidin is 
known for its structural stability [Huang 1994]. In this study, the 
biotin binding ability of streptavidin remained even after the 
printing and immobilization due to its stability upon adsorption. 
Ink-jetting enables high-throughput dispensing of proteins and 
could thus allow fast preparation of avidin-coated substrates for 
use in (strept)avidin technology.  
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 Cell study platforms  6.3.

The applicability tests of the paper-based 2-D platform for cell 
studies (Figure 9) were performed with three case studies: growth 
of pipette seeded epithelial ARPE-19 cells (Paper 2), growth and 
viability of printed HepG2 and ARPE-19 cells (unpublished data), 
and adhesion of S. aureus bacteria (Paper 3). 

 Epithelial cell growth and printability  6.3.1.

Adhesion of ARPE-19 cells to four different coatings with 
characteristic topography and surface energy was studied (Paper 
2). PCC, two-component kaolin, one-component kaolin, and two-
component latex were used as coating materials on paper 
substrates.  

Among the paper coatings, the two-component latex surface (55 % 
surface coverage of PS) supported the ARPE-19 cell growth most 
efficiently. After an incubation time of 48 h, the cells grew to 90 % 
confluency on the latex surface. On this surface, the confluency 
was 100 % after 72 h of incubation. The roughness values (Sq and 
Sdr) of the latex coating were the lowest compared to the other 
paper coatings, whereas the bearing area was relatively high. The 
Lewis basic character (7.8 mN/m) was in between the highest and 
the lowest values among the different coating surfaces. 

Pigment coated papers showed varied supporting properties for 
the ARPE-19 cell growth. No cells were observed on the PCC 
coating. The PCC surface had sharp surface features and a grooved 
surface compared to the other substrates, resulting in a low 
bearing area and high Sdr and Sq values. Epithelial cells have been 
previously found to adhere more preferably to smooth surfaces 
than to rough surfaces [Baharloo 2005]. Moreover, their protrusion 
to narrow grooves has been shown to be prevented [Teixeira 
2003]. This could lead to a reduced cell-substrate contact causing 
disturbed early focal contact, which has been found to inhibit the 
growth of ARPE-19 cells [Lim 2004]. 

The cell confluency was 7 % on the two-component kaolin and 42 
% on the one-component kaolin surfaces after 48 h of incubation. 
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After 72 h incubation, ARPE-19 cells formed isolated clusters on 
the two-component kaolin surface, and grew to almost full 
confluency on the one-component kaolin coating. The Sdr values 
for these substrates were almost similar. The difference in the cell 
growth supporting nature between the two kaolin surfaces was 
related to the differences in the surface chemistry more than to 
the topography. The two-component kaolin surface had a 
significantly higher Lewis basic value, polarity and water wettability 
than the one-component kaolin surface. Within the surface 
properties of all of the paper coatings, low Sdr roughness, high 
bearing area and an intermediate Lewis basic character of the 
surface were found to be beneficial for adhesion and growth of 
epithelial ARPE-19 cells.  

Cells were directed by cell-repellent PDMS to adhere and grow on 
the designed test areas (Figure 24). The growth of the pipette 
seeded ARPE-19 cells was supported by the two-component latex 
coating on the test areas, whereas the cells did not grow on the 
surrounding PDMS surface. Cell imaging was successful with an 
appropriate dye (DiO) emitting green light, because in this 
wavelength region the autofluorescence of paper is sufficiently 
low. Furthermore, lipophilic DiO did not stain the latex surface, and 
the cell membrane could thus be seen on the test areas. On the 
other hand, DiO adsorbed to the PDMS, causing fluorescence also 
on the areas surrounding the test areas. The cells could, however, 
be observed and distinguished due to their characteristic 
morphology and heterogeneous structure compared to the smooth 
PDMS surface.  

The PDMS surface has very low surface energy which, with the high 
polymer chain mobility, resulted in a resistance towards 
biomolecule adsorption [Liu 2009, Ji 2000]. The low bacterial 
adhesion to PDMS compared to the paper coatings is further 
evidenced by the very low bacterial viable counts (discussed in 
section 6.3.2).  
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Figure 24. Cell directing by printed PDMS on a latex coating. The 
ARPE-19 cells were seeded with a pipette to substrates with a) 
circular test areas (Paper 2) and b) 2-D channels (unpublished 
data). The length of the scale bar is 500 µm. 

The screen-printing method was an alternative approach for the 
pipette seeding in order to deposite the cells in matrigel to the cell 
study platform. This approach is described in section 5.3.1. Other 
hydrogel alternatives such as alginate and nanofibrillated cellulose 
have also been used successfully as 3D scaffolds for HepG2 cells 
[Bhattacharya 2012, Jeon 2016]. Here, the  ARPE-19 and HepG2 
cells were screen-printed in a matrigel mixture on the plasma 
treated and poly-L-lysine coated polystyrene (P-PLL-PS) microscope 
slides and the viability of the printed cells was followed for 72 
hours (Figure 25, unpublished data). Both cell lines were found to 
be viable for 72 h, however, the HepG2 cells proliferated and 
showed high fluorescence intensity, whereas the ARPE-19 cells 
showed only a minor increase in the viability in comparison to the 
negative control during this time interval.  

HepG2 cells were further screen-printed in matrigel on a paper 
substrate and the cells were viable within the incubation time of 72 
h. However, the viability remained at the same level between 24 h 
and 72 h (Figure 25). The screen-printed HepG2 cells were also 
stained and imaged (Figure 26). On the P-PLL-PS substrate, the 
micrographs of screen-printed HepG2 showed a clear increase in 
the cell number. HepG2 cells on paper showed a more 
heterogeneous distribution after 72 h of incubation, in comparison 
to the incubation time of 24 h. 



 

56 
 

20

40

60

80

100

120

140
 ARPE-19 on PS

 HepG2 on PS

 HepG2 on paper

F
lu

o
re

s
c

e
n

c
e

 i
n

te
n

s
it

y
 

24 h 72 h Negative controls

 

Figure 25. Viability of printed ARPE-19 and HepG2 cells on P-PLL-PS 
and paper (Alamar blue). Unpublished data. 

 

Figure 26. Nuclei of HepG2 cells printed in MG on P-PLL-PS (a and 
b) and the membranes of HepG2 cells printed in MG on two-
component latex coated paper (c and d). The cells were incubated 
for 24 h (a and c) and 72 h (b and d). The nuclei of the cells on P-
PLL-PS were stained with Hoechst and the cell membranes on 
paper were stained with DiO. The length of the scale bars is 500 
nm.  Unpublished data. 
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The printed ARPE-19 and HepG2 cells maintained their viability and 
ability to divide after the printing process. The screen printing 
method could, therefore, be used for transferring cell-containing 
biomaterial ink to various substrates. Other printing technologies 
such as laser-assisted bioprinting and ink-jet bioprinting have been 
utilized for transferring living cells with good precision, but a 
drawback is that they are time-consuming methods [Guillotin 
2011, Calvert 2007].  As a high-throughput method, screen printing 
would allow scaling up of biofabrication processes.  

 Bacterial adhesion 6.3.2.

The viability of S. aureus cells on the different latex surfaces, PDMS 
and glass was quantified by the bacterial viable counts (Figure 27, 
Paper 3). The latex surfaces were either uncoated or coated with 
avidin.  

The bacterial adhesion increased slightly with the higher surface 
coverage of the hydrophobic PS phase and a larger effective 
surface area. The hydrophobic interactions and the increased 
roughness have been shown to enhance the adhesion of S. aureus 
[Müller 2007, Tegoulia 2002]. Larger Sq and Sdr roughness values 
and a smaller Scl roughness value at sub-nanometer scale have 
previously been shown to increase the S. aureus adhesion [Webb 
2013]. In this study, the comparison between these small scale 
roughness values of the PS and ABS phases (Table 3) gave a similar 
trend for the bacterial adhesion. The Lewis acid-base 
characteristics of ABS may contribute to the attractive interactions 
with bipolar materials such as S. aureus bacteria [Li 2004, van Oss 
1987]. In comparison to ABS, glass shows similar surface properties 
(surface energy and roughness) and bacterial adhesion. 

Avidin-coated latex surfaces affected S. aureus adhesion in a 
different way, depending on the coating composition. The slightly 
enhanced bacterial adhesion to avidin on the ABS surface and the 
two-component coating with 85 % surface coverage of PS, 
compared to the avidin-free latex surfaces, possibly originated 
from the specific interaction between S. aureus and avidin [Korpela 
1984]. Contrary to the aforementioned latex coatings, the pre-
adsorbed avidin on two-component latex with 55 % surface 
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coverage of PS reduced the adhesion of S. aureus to the same level 
as PDMS that is known for its biomaterial repellency (see also 
section 6.3.1.). The decreased contact area probably leads to the 
suppressed specific interactions. In this case, the repulsion caused 
by the hydrophilic and hydrated avidin molecules could dominate 
the interaction, leading to suppressed bacterial adhesion. 
Considering that S. aureus biofilms treated with a high 
concentration of penicillin G for 24 h showed a bacterial viable 
count reduction of 1 log (CFU/cm2), the suppressed bacterial 
adhesion caused by nano-texturing and preadsorbed avidin is 
relatively significant [Manner 2013]. 

 

Figure 27. The effect of the substrate on adhesion of S. aureus. 

In order to enable a fast and high-throughput manner of using the 
printed paper-based cell study arrays, as e.g. screening assays, the 
application of a S. aureus suspension was demonstrated by a 
simple pipetting procedure. The micrographs and AFM topographs 
show that the two-component latex surface supported adhesion of 
bacteria more uniformly than the corresponding coating with 
preadsorbed avidin (Figure 28). On the avidin-coated latex surface, 
a larger variation in the coverage of S. aureus was observed. 
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Figure 28. Optical micrographs of the test areas of cell study arrays 
with S. aureus applied to the surface by the drop deposition 
method a) on two-component latex and b) on avidin-coated two-
component latex. An empty 2D-well is shown as a reference in c). 
AFM topographs with low and high bacterial density are shown 
below the micrographs. The size of the AFM topographs is 25 µm × 
25 µm. Paper 3. 

7. CONCLUSIONS AND OUTLOOK 

Protein adsorption and cellular adhesion to the surface of different 
coated paper substrates were studied, with the aim of developing 
a paper-based roll-to-roll printable test platform for e.g. 
immunoassay applications and cell studies. The surface properties 
of the substrates were studied and attributed to protein 
adsorption and cell growth. 

The latex coatings were modified by treating the pristine surfaces 
with short-wave IR irradiation and by changing the composition of 
the binary latex coatings, which enabled the tailoring of the surface 
properties. Randomly distributed nanopatterned topography with 
two distinct height levels of hydrophobic polystyrene (PS) and 
hydrophilic acrylonitrile butadiene styrene (ABS) was formed when 
the pristine two-component latex surface was IR treated. The 
effective surface area of the hydrophobic PS component increased 
linearly with increasing fraction of PS in the latex blend up to 
PS:ABS = 60:40 wt%.  

Protein adsorption was more pronounced on the hydrophobic 
phase of the IR-treated two-component latex coating due to the 
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hydrophobic interactions. As a result, adsorption of proteins 
resulted in a patterned structure, i.e. a higher concentration of 
protein on PS compared to ABS. On the pristine surface, similar 
directed protein adsorption did not occur due to the electrostatic 
repulsion caused by the surfactant molecules. Avidin adsorbed to 
both of the latex components, but adsorption to hydrophobic PS 
was more pronounced, which was attributed to the hydrophobic 
interactions. Also the orientation of the avidin molecules was 
suggested to have an effect on the adsorption. On ABS, avidin 
showed a better specific binding activity to biotin, probably due to 
the better retained conformation on the hydrophilic surface and 
accessibility of the binding sites, whereas the surface-induced 
conformational changes may have reduced the binding activity on 
the hydrophobic PS phase. The higher packing density on PS may 
have increased the steric hindrance effect. 

Cell adhesion and growth could be directed to the test areas of the 
paper-based cell study platform by printing a patterned structure 
of PDMS over the paper substrate. Four different paper substrates 
were evaluated as cell study substrates by studying the growth of 
ARPE-19 cells. A suitable combination of physico-chemical surface 
properties such as roughness and surface energy was important for 
a successful growth of ARPE-19 cells. A two-component latex 
coating was found to be a good support for the ARPE-19 cells and 
S. aureus bacteria. Bacterial adhesion to the latex coating was 
increased with the hydrophobicity of the surface and, additionally, 
the specific interactions between avidin and S. aureus enhanced 
the adhesion to the surface with a sufficiently low void volume 
(high contact area). Pre-adsorbed avidin inhibited significantly the 
bacterial adhesion on the two-component latex surface with a high 
value of void volume. This finding may open up a way for the 
development of new types of antimicrobial surfaces. 

Up-scalable fabrication methods are a prerequisite when 
developing new test platforms for high-throughput screening of 
biomaterials. In this study, the methods used for coating the paper 
substrates with latex are all roll-to-roll compatible, enabling low-
cost and fast preparation of the described test platforms. The 
applicability of the printing and roll-to-roll processes for the 
transfer of proteins and cells was shown. Ink-jet printed 
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streptavidin was showed to retain its activity and the ARPE-19 and 
HepG2 cells were viable after screen-printing.  

Since the used test platform enables protein adsorption and cell 
adhesion, it could also be used e.g. in immunoassays using avidin-
biotin chemistry, screening assays for cytotoxicity testing and 
biofilm studies. The usability of the test platform for cell studies 
could be improved by using transparent substrates with the 
developed latex coating material which would enable the use of 
optical techniques for e.g. cell viability analyses. A systematic study 
of surface conditioning by chemical and biochemical substances 
that are present in the cell medium is also needed for further 
development of the test platform. The study on the mass, 
orientation and conformation of e.g. cell adhesive proteins 
adsorbed from multi-protein solutions would provide important 
information for understanding the cell-latex surface interactions. In 
addition, the anti-microbial properties related to protein-coated 
surfaces would be an interesting topic for further studies. 
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