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ABSTRACT 

Paper-based analytical technologies enable quantitative and rapid analysis 
of analytes from various application areas including healthcare, 
environmental monitoring and food safety. Because paper is a planar, 
flexible and light weight substrate, the devices can be transported and 
disposed easily. Diagnostic devices are especially valuable in resource-
limited environments where diagnosis as well as monitoring of therapy 
can be made even without electricity by using e.g. colorimetric assays. On 
the other hand, platforms including printed electrodes can be coupled with 
hand-held readers. They enable electrochemical detection with improved 
reliability, sensitivity and selectivity compared with colorimetric assays. 

In this thesis, different roll-to-roll compatible printing technologies were 
utilized for the fabrication of low-cost paper-based sensor platforms. 
The platforms intended for colorimetric assays and microfluidics were 
fabricated by patterning the paper substrates with hydrophobic vinyl 
substituted polydimethylsiloxane (PDMS) -based ink. Depending on the 
barrier properties of the substrate, the ink either penetrates into the paper 
structure creating e.g. microfluidic channel structures or remains on the 
surface creating a 2D analog of a microplate. The printed PDMS can be 
cured by a roll-ro-roll compatible infrared (IR) sintering method. The 
performance of these platforms was studied by printing glucose oxidase 
-based ink on the PDMS-free reaction areas. The subsequent application 
of the glucose analyte changed the colour of the white reaction area to 
purple with the colour density and intensity depending on the 
concentration of the glucose solution. 

Printed electrochemical cell platforms were fabricated on paper substrates 
with appropriate barrier properties by inkjet-printing metal nanoparticle 
based inks and by IR sintering them into conducting electrodes. Printed 
PDMS arrays were used for directing the liquid analyte onto the 
predetermined spots on the electrodes. Various electrochemical 
measurements were carried out both with the bare electrodes and 
electrodes functionalized with e.g. self assembled monolayers. 
Electrochemical glucose sensor was selected as a proof-of-concept device 
to demonstrate the potential of the printed electronic platforms.  
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SVENSK SAMMANFATTNING 

Papperbaserade analysteknologier möjliggör en kvantitativ och snabb 
analys av analyter i många applikationer inom användningsområden 
såsom hälsovård och miljöövervakning. Kolorimetriska tester är 
speciellt värdefulla i miljöer med begränsade resurser, emedan de 
möjliggör att t.ex. diagnosoch terapikontroll kan genomföras utan 
elektricitet. Dessa lätta pappersbaserade testunderlag kan enkelt 
transporteras och förfogas efter användning för att t.ex. förhindra 
spridning av infektioner. Underlag som innehåller tryckta elektroder kan 
även kopplas till en elektrisk läsare. De möjliggör elektrokemisk 
detektering med förbättrad tillförlitlighet, känslighet och selektivitet 
jämfört med kolorimetriska tester. 

 I detta arbete utnyttjades olika rulle-till-rulle kompatibla tryckteknologier 
vid tillverkningen av kostnadseffektiva pappersbaserade underlag för 
sensorer. De underlag som var avsedda för kolorimetriska sensorer och 
mikrofluidik tillverkades genom mönstring av olika pappersubstrat med 
hydrofobt tryckmaterial baserat på polydimetylsiloxan (PDMS). Beroende 
på substratets barriäregenskaper så trängde PDMS antingen in i pappret 
och skapade t.ex. mikrofluidiska kanalstrukturer, eller stannade på ytan 
och skapade en tvådimensionell analog av en mikroplatta. 
Prestationsförmågan hos dessa underlag undersöktes genom att trycka 
glukosoxidasbaserat tryckmaterial på PDMS-fria reaktionsytor. Då 
glukosanalyt applicerades på en vit reaktionsyta ändrade sig färgen till 
purpur vars densitet och intensitet berodde på glukoslösningens 
koncentration. Tryckta elektrokemiska cellplattformer tillverkades på 
pappersubstrat med lämpliga barriäregenskaper. Elektroderna trycktes 
med ett material baserat på metallnanopartiklar och gjordes elektriskt 
ledande med infraröd strålning. Mångsidiga elektrokemiska mätningar 
utfördes med rena och funktionaliserade elektroder. En elektrokemisk 
glukossensor valdes till en 'proof-of-concept'-anording för att påvisa 
potentialen i de tryckta plattformerna. 
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1. INTRODUCTION AND OUTLINE 

Increasing efforts are being devoted to the development of sensors and 
assays to better diagnose and treat various illnesses at the point of care 
(POC).1,2 The diagnosis of infections or diseases can be based on the 
detection of the infectious agent itself or on the detection of a specific 
antibody produced by the immune system when being exposed to certain 
microorganisms or viruses, or on the measurement of a level of a certain 
analyte in a physiological sample.3 Symptoms are naturally important 
signs of diseases, but making the right diagnosis can be difficult e.g. in 
cases of an infant patient or a rare disease, or simply because of an 
inaccessible doctor. This results in a compelling need  for equipment-
free diagnostics and portable hand-held readers that can be integrated 
with electrochemical POC devices especially in resource-limited 
locations such as in developing countries or on the field, at home or 
even in space shuttles.4  

Paper was among the first materials that were considered for use in low-
cost sensors. The use of litmus paper for the determination of acidity of 
the sample during the early 1800's is probably the most famous 
example.5 Paper provides a potential substrate for equipment-free 
diagnostic applications since its porous structure enables the transport of 
samples via capillary action and eliminates the need of e.g. pumps.2 The 
direction of the liquid flow from the sample zone to the detection zone 
can be controlled e.g. by introduction of hydrophobic materials or 
barrier structures on the fiber matrix of the paper. Other requirements set 
for point-of-care (POC) devices, i.e. affordability, sensitivity, 
specificity, user-friendliness, rapidness, robustness and deliverability to 
end-users, can all be met by using paper as a sensor substrate.6 Printing 
is increasingly used as means for low cost fabrication of various devices 
on paper substrates. The physicochemical properties of paper substrates 
can be readily adjusted by various coating and printing procedures. This 
allows the use of paper substrates even in applications where good 
barrier properties against organic solvents and water are needed e.g. 
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when nanoparticle-based inks are used for the fabrication of 
electrochemical sensors. Besides capillary action the reactants can be 
directed to the detection zone by controlling the wetting of a paper 
surface and thereby creating specific reaction arrays. The reaction arrays 
can be constructed by printing a predetermined pattern of a hydrophobic 
material such as vinyl-substituted polydimethylsiloxane (PDMS) -based 
ink onto a coated paper substrate. The development of such reaction 
arrays is reported in Paper I.  

Microbiology is another research area that could benefit from the use of 
low-cost paper-based platforms. When the platforms are printed on 
different paper substrates, the influence of e.g. polarity and roughness 
on the adsorption of biomaterials and the formation of bacterial biofilms 
can be studied. Such an approach was taken in Paper II in which the 
substrate-dependent formation of bacterial biofilms was studied. It is 
nowadays established that biofilms formed by Staphylococcus spp. 
account for more than a half of infections associated with prosthetic 
devices. However, most of the antibiotics used today have been 
developed to act against dividing phase planktonic bacteria and there is 
a real need for substrates that prevent biofilm formation and for 
compounds that can selectively act on staphylococcal biofilms.  

Flexibility of the paper substrates enables harnessing of high-speed and 
high-throughput printing processes for the roll-to-roll mass fabrication 
of planar reaction areas, electronic components and platforms for POC 
devices as well as e.g. the high-throughput screening of antimicrobial 
agents. Modern inkjet printers can be regarded as ideal tools for the 
fabrication of these devices as the printers can be equipped with several 
print heads and are thus suitable for both the creation of the patterned 
substrates and for dispensing multiple chemical reagents or potential 
antimicrobial agents into the reaction zones all in one print run thus 
dramatically reducing the production costs and time.7 Papers III–V 
report on different electrochemical sensor platforms, starting from plain 
gold electrodes and proceeding to more advanced systems utilizing self-
assembly of biomolecules as well as electrochemical polymerization. 
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2. AIMS OF THE STUDY 

The main aim of this thesis was to develop new fabrication procedures 
for obtaining low-cost paper-based platforms appropriate for e.g. 
electrochemical analysis, bacterial biofilm formation and screening of 
potential antimicrobial agents, colorimetric assays, and microfluidic 
diagnostics. Consequently, the objective was to verify the performance 
of the platforms by carrying out assays and demonstrations showing that 
the printed platforms perform as expected and that they have 
commercial potential.  

Efforts were devoted firstly to optimizing the roughness, conductivity 
and purity of the inkjet-printed electrodes in order to fabricate high-
quality application platforms for e.g. self-assembly of biomolecules and 
electrochemical growth of conducting polymers. A second important 
goal was to obtain a functional printable ink with a fast curing/drying 
time that could be used for controlling the wetting properties of the print 
substrate by creating patterned arrays and channel structures. Such 
patterned surfaces were used for directing the analyte solution onto 
predetermined regions.  

A related aim was to develop coated paper grades engineered for 
printing of biomaterials. Such paper substrates would preferably have 
good adhesion but yet be smooth, isotropic and inert. The substrates 
should be suitable both for printable electrically functional materials and 
for biomolecule adsorption with potential applications in biofilm 
formation and diagnostics. 
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3. BACKGROUND AND LITERATURE REVIEW 

3.1. Paper-based platforms for bioassays and electrochemical 
analyses 

3.1.1. Microplates and their paper-based planar alternatives  

Compared to the typical labware such as Test-tubes, Petri dishes and 
Erlenmayer flasks that were created around 1850, plastic microtiter 
plates are a relatively new invention, first described about hundred years 
later.8 Standardization of the 96-well plates9 was important for research 
allowing various analyses with different equipment to be carried out 
with the same plates. In addition, automation, plate washers, robotic 
hands etc. have had a huge impact e.g. on high-throughput screening in 
biomedical research.10 Despite of all the above mentioned advantages 
there are also some concerns related to the use of plastic plates. One is 
the amount of plastic waste produced. Although some bacteria have 
been found to be able to use polystyrene as a sole carbon source11 and 
turn styrofoam (expanded polystyrene) into biodegradable plastic12, the 
request for using more environmentally friendly materials or solutions is 
always in place.  

A paper-based planar alternative for the traditional plastic micro plates 
was described by Carrilho et al. in 2009.13 The principle of the planar 
plate is that the liquids are absorbed into the hydrophilic paper-based 
zone areas where they are confined due to the hydrophobic barriers that 
surround the zones throughout the total paper thickness preventing 
cross-contamination. A photolithographic technique involving several 
steps as illustrated in Fig. 3.1 was used to fabricate the microzone plates. 
First the whole sheet of paper (Whatman-brand chromatography paper 
(Chr 1) or Whatman #1 filter paper) is impregnated with the light-
sensitive photoresist and dried. Then the sheets are exposed to 
ultraviolet (UV) light through a mask with transparent areas to cross-
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link only the wanted areas i.e. the barrier structures making them 
insoluble to the developer. Then the sheets are washed and dried. The 
problem with this procedure is that the whole piece of paper is exposed 
to the photoresist and since uncontrolled cross-linking may occur it will 
decrease the flow rate of aqueous fluids and e.g. plasma treatment may 
be necessary in some particular experiments. 

  

Paper
Apply SC photoresist and 
dry under a fume hood (25 C, 1-2 min)

Align a mask and insert glass slides on both sides 

Expose to UV light (30 s)

Turn over and expose to UV light (30 s)

Remove the mask and the glas slides

Develope by washing with xylenes and methanol and dry

O

 
 

Paper
Apply SU-8 photoresist and 
dry with a hot plate (95 C, 5 min)

Align a mask and insert glass slides on both sides 

Expose to UV light (15 s, 600 W)

Remove mask and glass slides

Bake (135 C 5 min)

Develope by washing with acetone (5 ml/1 min), 
rinse with 70% isopropanol and dry

o

o

 

Fig. 3.1. Procedures for patterning paper using SC (cyclized 
poly(isoprene) derivative) and SU-8 (a photoresist based on 
bisphenol A diglycidyl ether resin)14 photoresist materials.  
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Paper-based reaction plates bring about several advantages related to 
e.g. expenses and speed of operations: 

i) The plates can be fabricated from inexpensive materials.  

ii) Assays can be carried out by using small sample volumes and 
reagent amounts.  

iii) Evaporation of water from the paper wells is about 20 times 
faster than from the plastic wells due to the high surface-to-
volume ratio of paper thus speeding up the assays. 

iv) Immobilization of e.g. antigens on macroporous paper grades 
with high surface-to-volume ratio is fast compared to the 120 
min or overnight immobilization steps used in conventional 
enzyme linked immunosorbent assay (ELISA) protocols.15 

v) The thin and flexible plates allow printing of reagents on the 
reaction wells, including possibility for roll-to-roll processing. 

vi) Simple shipping, mailing and storage are possible due to the 
small plate size.  

vii) Paper with a high optical contrast is especially suitable for 
colorimetric detection even by naked eye. Assays can be also 
conducted with a microplate reader or for example by analysing 
the readouts with the help of a desktop scanner or camera. 

viii) Easy and safe disposal of biohazardous waste by incineration. 

ix) Sample preparation for e.g. surface analyses by atomic force 
microscopy (AFM) is much simpler for flat paper-based 
substrates compared to plastic 96-well plates which need to be 
cut into pieces in order to access the bottom of the 
well.S1,S3,S19,S20   

Inertness is a prerequisite for a microfluidic substrate to exclude any 
substrate effects on the analytical results. Similarly the samples and 
reagents should not influence the substrate. Commercially available 
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Whatman chromatography paper (Chr 1) is typically used in 
applications as it yields good results due to its mechanical strength and 
resistance to tearing even when wet. It also lacks additives that could 
interfere with the reactions and its capacity to absorb liquids is high (e.g. 
11 ± 1 µL cm-2 of deionized water).16,17 Although being a heterogeneous 
substrate a reasonably uniform structure of the pure cellulose based Chr 
1 yields to low variability in the transmittance (index of refraction, n = 
1.54–1.62) and is another advantage that makes this paper a suitable 
choice also in transmittance based colorimetric detection.18 The costs 
and times required to prepare a single plate on a Chr 1 with the 
photolithographic technique was reported to be $0.92 and 16 min with a 
SU-8 photoresist material and $0.45 and 24 min with a SC photoresist, 
respectively (Fig. 3.1.). By a large-scale fabrication the production times 
and costs could be naturally further reduced.19   

Another material that has been often used as a ”paper” substrate in point 
of care devices is a nitrocellulose (NC) membrane.4,20,21  

A totally different method for the fabrication of non-porous and water-
resistant platforms for diagnostics was introduced by Orelma et al. in 
2012.22 Nanofibrillated cellulose films based on wood fibers were first 
oxidized to convert the primary hydroxyl groups to carboxyl groups 
thereby also lowering the non-specific adsorption. The carboxyl groups 
were then converted to amine-reactive by EDC / NHS (1-ethyl-3-[3-
dimethylaminopropyl]carbodiimide hydrochloride / (N-
hydroxysuccinimide) surface activation. Inkjet printing was carried out 
for the immobilization of antihuman immunoglobulin G (IgG). 
Advantages of such immunoassay platforms are their sustainable nature, 
generality and non-toxicity.    

3.1.2. Microfluidic paper-based analytical devices 

A microfluidic platform, that by definition provides an easily 
combinable set of fluidic unit operations such as fluid transport and fluid 
metering, paves a generic and consistent way for miniaturization, 
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integration, automation, and parallelization of (bio-)chemical 
processes.23 Major application areas for the microfluidic platforms are 
found in in vitro diagnostics, drug discovery, biotechnology (e.g. on-line 
process monitoring in fermentation-based food industry) and ecology 
(e.g. agricultural and water analysis).23  

Although initially not used for assay purposes, the first paper-based 
microfluidic device was developed by Müller et al. in 1949.24 
Chromatographic experiments combined with optical analyses were 
performed conveniently and rapidly with paraffin wax patterned filter 
paper. The wax barriers were prepared by pressing a heated metal stamp 
over a piled filter paper and paraffined paper causing a wax transfer to 
the wanted areas.  

The first report on the utilization of the spontaneous capillary driven 
flow in a porous support for immunoassay purposes is from 1978 by 
Glad and Grubb who studied the capillary migration of antigen solutions 
in porous strips with attached antibodies that specifically influence the 
migration of the antigen solution.25 Cellulose and cellulose acetate 
substrates were also tested but were found to have drawbacks such as 
nonspecific protein binding and fragility.  

Since the introduction of the microfluidic paper-based analytical device 
(µPAD) by Martinez et al.26, it has become an attractive platform for e.g. 
point-of-care diagnostic applications and environmental analyses. Its 
merits are in its low cost, portability and ability to conduct multiple or 
parallel assays simultaneously with minimal reagent consumption and 
without any external liquid pumping or equipment. In addition to the 
photolithographic technique, several fabrication methods have been 
described in literature in a search of an easy and inexpensive method for 
the application of barrier patterns on paper.5,27 The barriers have been 
generally constructed by applying hydrophobic materials, albeit a totally 
different concept for the creation of patterns exists too, e.g. the physical 
shaping of paper by computer-controlled knife, explored by Fenton et 
al.28 
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The chemical treatments of paper can be roughly divided into two 
approaches. In the more complicated techniques, the paper is first made 
totally hydrophobic and the hydrophilic channels are subsequently 
created by e.g. washing away certain regions that were covered by a 
mask during UV treatment26, plasma treating the wanted areas using a 
metal mask29, or inkjet-printing an “etching” solvent dissolving the 
hydrophobic material7

 or by CO2 laser treatment30. In the more 
straightforward methods the hydrophobic material is directly applied on 
the hydrophilic paper e.g. by an inkjet printer31,32, screen printer33, x-y-
plotter34, wax printer35, flexographic printing36 or by dipping the paper 
into wax37.  

The fabrication methods of the microfluidic devices are compared in 
Table 1. In many of the methods relatively time consuming heating or 
drying steps are required that make the mass-production more 
challenging. 
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The liquid (analyte) transport in the random fiber network of a paper 
channel occurs via capillary action.41 Attractive forces between the 
water molecules and other hydrophilic interfaces, e.g. fibers containing 
–OH groups, but also the interfacial pressure difference at the meniscus 
within a pore are the driving forces for the capillary penetration, also 
called wicking.42 The speed of the liquid transport can be adjusted in 
various ways by adjusting various parameters: the length and structure 
of the hydrophilic channel, the degree of hydrophilicity of the paper 
substrate, the average pore size and pore size distribution of the 
substrate and the properties of the transported liquid such as surface 
tension and viscosity. The Washburn equation (Eq.3.1)43 has been 
shown to be a good first order approximation for the penetration 
distance in a porous media:31 

t
r

l



2

cos
  (3.1) 

where l is the liquid penetration distance in the paper matrix, r is the 
equivalent capillary pore radius of paper,  and  are the surface tension 
and viscosity of the liquid,  is the contact angle and t is the time of 
penetration.  

In order to be able to conduct complex (bio)chemical assays with 
minimal end-user input and external instrumentation the control of 
liquid flow in the channels is important. The liquid flow can be for 
instance accelerated by sandwiching the paper substrate between 
polyester films44 or delayed by printing dissolvable barriers45 or a 
number of baffles in the channels21. The timing between sequential 
reactions can be controlled by the use of several inlets4,45,46 and 
dissolvable barriers20 to deliver the reagents to the test zone at different 
times e.g. to improve the detection limit and amplify the signal.  
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3.1.3. Electrochemical platforms 

As a response to the growing need to perform rapid ‘in situ’ analyses to 
improve patient outcomes, a clear trend in analytical chemistry has been 
the development and miniaturization of electrochemical platforms. 
Disposable printed electrodes are considered as alternatives for 
conventional electrodes.47–49 Like a conventional electrochemical cell, a 
typical printed three-electrode system consists of a working electrode 
(WE), a counter electrode (CE) and a reference electrode (RE) as shown 
in Fig. 3.2. 

       
                 a       b  c 

Fig. 3.2. a) A schematic representation of the connections 
and measurements in an  electrochemical cell, b) photograph 
of a conventional electrochemical cell c) photograph of 
commercial analogous planar tree-electrode system on a 
ceramic substrate.50 

The paper-based electrochemical devices or electrochemical Micro-
Paper-based Analytical Devices, EµPADs51 are usually fabricated by 
screen printing the electrodes and by patterning the high 
hydrophilic/hydrophobic contrast patterns or microfluidic channels 
either by photolithography or wax printing.51,52,53 The curing steps 
involved in the fabrication of the paper-based screen-printed electrodes 
are typically 30–60 min at 60–100°C. In comparison, the temperatures 
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can rise up to 800°C when commercial electrodes printed on ceramic 
substrates are cured. Additional heat treatment (60°C, 30 min) is usually 
applied to cure the protective polymer dielectric material needed to 
define the electrode area.52,53,54 Recently, inkjet printing has been 
demonstrated as an alternative way of producing nanoporous gold 
electrode arrays on cellulose membranes with the self-catalytic growth 
of patterns into conducting layers.55 

Numerous benefits can be related to the use of electrochemical 
platforms in point of care systems. One of the key benefits is the easy 
modification of the electrodes, which enables nearly unlimited sensor 
designs and analyte selection, e.g. for early infection detection.56 Internal 
standards have also been incorporated in test stripes to avoid calibration 
before the actual sample analysis.57 In addition, electrochemical 
measurements are relatively unaffected by the sample composition and 
colour compared to optical systems.58 For example whole blood, that 
contains a number of target analytes,59 can be directly used without any 
sample clean up prior to measurement. Chen et al. determined uric acid 
from human whole blood using square wave voltammetry and screen-
printed strip consisting of carbon WE and CE and silver pseudo-
reference electrodes on a polypropylene substrate.60  

The unique properties of gold make it the preferred choice as a working 
electrode material when high performance and safety critical 
applications are in question. The high conductivity and resistance to 
corrosion and tarnishing are the main reasons for the good reliability of 
the gold electrodes. Other benefits are good biocompatibility (compared 
to e.g. silver61) and the versatility of biological moieties  that can be 
attached on gold surfaces simply by using e.g. thiolated linkers, 
electrodeposition or physical immobilization.62,63,64,65,66 

Gold nanoparticles have been widely studied for their unique properties 
to modify the electrochemical behaviour of e.g. screen printed carbon 
electrodes and for the possibilities they bestow for further 
functionalisation.56,67,68,69,70,71 Even commercial gold nanoparticle-
modified electrodes are nowadays available.50 
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If necessary, the planarity and versatility of the device architectures 
enable for instance the use of a paper substrate as a separator72 or 
colorimetric detection in combination with the electrochemical 
detection.73 Furthermore, coupling of microfluidic systems to a printed 
electrochemical platform is possible.70    

3.2. Detection mechanisms in analytical devices 

3.2.1. Colorimetric assays  

Colorimetric assays are invaluable in many remote health care settings 
and field analysis locations where it is impossible to maintain or access 
a fully equipped laboratory. The main benefit of a colorimetric assay is 
that the visual readouts are typically rapidly generated and can be 
interpreted by semiskilled nonprofessionals without any information 
about the symptoms.  

Various clinically relevant metabolites have been detected using paper-
based sensor platforms (Table 2). Constant efforts are also devoted to 
design novel tests e.g. for the diagnosis of foodborne pathogens74 and 
viral diseases such as dengue fever20, malaria4 and viral gastroenteritis75 
that have a potential to infect a large number of people. Table 2 
comprises some examples of the quickly growing list of analytes that 
have been detected in real samples or which have been used as model 
analytes in artificial samples to validate the performance of the 
developed µPADs.  
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Table 2. Analytes detected with µPADs. 

Analyte Reference 
glucose 7,19,26,37,38,76 
lactate 76 
uric acid 1,76 
cholesterol 19 
heavy metals 77,78 
human serum albumin (HSA) 7 
bovine serum albumin (BSA) 19,26,37,38 
H+ (pH) 7 
phosphatase 29 
horse radish peroxidase 35 
nitrite 79 
human chorionic gonadotropin (hCG) 21  
antibody (human anti-HIV-1) 80 
rabbit IgG 80 
malaria protein Pf HRP2 4 

 

Paper-based colorimetric assays are typically based on enzymatic 
reactions. The general detection principle for a number of analytes is 
such that in a 1st step an oxidative enzyme specifically catalyzes the 
oxidation of the substrate (analyte) and H2O2 is generated as a by-
product (Eq.3.2-3.5). In the 2nd step the produced hydrogen peroxide 
reacts with one or more chromophores forming a colorful complex 
(Eq.3.6).81  

 

1st 

Glucose + O2    oxidase  Glucose  gluconolactone + H2O2 (3.2) 

Uric acid + O2 + 2H2O  Uricase  allantoin + H2O2 + CO2 (3.3) 

L-Lactate + O2   oxidaseLactate  Pyruvate + H2O2 (3.4) 

Cholesterol   oxidaselCholestero  4-Cholesten-3-one + H2O2 (3.5) 
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2nd H2O2 + 4-aminophenazone + phenol  Peroxidase             
p-(benzoquinone)monoiminephenazone + H2O 

(3.6) 

To be more precise, the initial step in the first reaction (Eq.3.2) is the 
conversion of the flavin adenine dinucleotide (FAD) center of the 
enzyme into its reduced form ((FAD)H2) by glucose. (FAD)H2 then 
reduces oxygen to form H2O2.

82 

It is not always necessary to add and store all the needed chemical 
reagents and enzymes in the detection zones of the paper devices prior 
to the addition of the analyte. The properties of pathogenic bacteria to 
e.g. excrete or produce species-specific enzymes on the growth media or 
exterior of the cell, respectively, can be utilized for detection purposes. 
Compared to the conventional culture methods, faster detection of 
bacteria can be achieved by the use of substrates that change colour in 
presence of the produced enzymes as demonstrated by Jokerst et al. in 
2012.74  

Enzymes and colour changing substrates are highly useful as they can be 
utilized also for the detection of antigens. This requires the preparation 
of enzyme-labeled antibodies. Several methods have been developed for 
the fabrication of enzyme-antibody conjugates e.g. the glutaraldehyde 
method (Eq.3.7).83  

Enzyme–NH2 + CHO–CH2–CH2–CH2–CHO    

Enzyme–N=CH–CH2–CH2–CH2–CHO    2NHAntibody  (3.7) 

Enzyme–N=CH–CH2–CH2–CH2–CH=N–Antibody  

The well-known enzyme-linked immunosorbent assay (ELISA) is an 
example of a technology that utilizes enzyme-labeled antibodies.84,85,86 
Diagrams of popular ELISA formats are shown in Fig. 3.3.  
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Fig. 3.3. A schematic illustration of popular ELISA formats. 

The key step in all the formats is the attachment of the antigen on the 
assay plate. Two strategies can be used. The antigen can be immobilized 
on the plate with or without a capture antibody. By using a capture 
antibody the test antigen does not have to compete with all the other 
proteins present e.g. in a serum sample when binding to the surface.  

When a solution of primary antibodies is added they bind specifically to 
the antigen. In case of direct assay the primary antibody has been 
labeled by an enzyme. In the indirect and sandwich formats the 
secondary antibodies are the ones that have an enzyme-label and they 
bind with the primary or also so called detecting antibody. Finally an 
enzymatic substrate is added. The substrates can be chromogenic which 
change colour in the presence of the enzyme to give a detectable signal. 
Also fluorescent or chemiluminescent substrates are used. Washing and 
blocking steps are crucial in the assays to avoid e.g. the binding of 
primary antibodies on the well surface or the binding of secondary 
antibodies on the primary antibodies not specifically bound to an antigen 
which would lead to false-positive signal.  

Unlabeled primary antibodies might be present in a serum sample. 
When such serum sample is added on the well with an antigen coating 
together with a solution of enzyme-labeled primary antibodies a 
competitive ELISA is in question as both antibodies compete for antigen 
binding. The higher the concentration of the unlabeled primary 
antibodies in the serum the lower is the signal from the labeled primary 
antibodies.   

Ag

E

Ag

E

Ag

E

Ag

Ag

EE

Ag

E

   Direct Assay          Indirect Assay             Capture Assay                Competitive Assay                      

E AgPrimary antibody            Secondary antibody          Capture antibody           Enzyme label              Substrate             Antigen
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Advantages of the direct assay are the fewer steps required, making it 
faster than the other formats. Also cross-reactivity of the secondary 
antibody is eliminated by the use of only a single antibody. Advantages 
of the indirect assays over the direct assays are that the sensitivity is 
increased because each primary antibody contains several epitopes 
where the labeled secondary antibodies can bind and thus amplify the 
signal. Other strategy that has been used for signal amplification is the 
use of avidin-biotin binding.87 Apilux et al. recently developed an inkjet-
printed device that is capable of performing ELISA-based analysis 
quantitatively in one step.21 The input edge of the device was simply 
dipped in the analyte solution and its flow towards the reagents at 
different locations was controlled by channel structures for timing the 
correct reaction sequence. The colour change was observed relatively 
rapidly, within 25 min, compared to paper-based ELISA carried out in 
separate steps (51 min) or conventional ELISA (213 min).80 The 
obtained limit of detection (0.81 ng/mL) for human chorionic 
gonadotropin (hCG) hormone was also lower than the detectable levels 
in conventional pregnancy test stripes showing the potential of the 
inkjet-printed paper-based device for a variety of clinical and 
environmental assays. 

Enzymes can be used also for the monitoring of heavy metal 
concentrations in drinking waters and other environments. Hossain and 
Brennen recently demonstrated the use of inkjet-printed colorimetric -
galactosidase (B-GAL) -based paper sensors for the monitoring of 
carcinogenic heavy metal levels in waters without the need of expensive 
external instrumentation.78 The development of this kind of sensors is 
very important due to the severe healthy risks of the metal contaminated 
waters for many organs.  

In dye-based protein assays, the binding capabilities of proteins can be 
utilized. Human serum albumin (HSA) for instance is a major transport 
protein in blood binding reversibly to a large number of compounds, e.g. 
fatty acids and cortisol. The high affinity of some dyes, e.g. bromocresol 
green (BCG) and tetrabromophenol blue (TBPB) for albumin enable 
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their use as indicators in colorimetric assays detecting e.g. protein 
concentrations in urine.88,89 Accurate determination of protein 
concentration is important since abnormally high concentration of 
albumin in urine is a sign of physiological dysfunction. The reaction 
between the dye and the protein changes the apparent acid dissociation 
constant (pKa) value of the indicator dye resulting in the colour 
change.90 To prevent any colour changes from happening due to a 
change in pH, the protein solutions are buffered to maintain a certain 
pH.91 Therefore the intensity of the formed colour (Eq.3.8) is directly 
proportional to the concentration of the protein and can be visually or 
instrumentally analysed.  

Albumin + BCG   3.4pH Albumin-BCG Complex (blue-green) (3.8) 

Rapid determination of the blood type of a patient is important in 
medical situations where emergency blood transfusion is needed.39,92 To 
eliminate the possibility of misinterpretation of colorimetric assays e.g. 
due to the influence of varying lightning conditions on the results, Li et 
al. presented a device that reports the results “in writing” instead of a 
colour change.39 To get the blood type results in writing, the paper was 
first patterned with hydrophobic alkenyl ketene dimer leaving letter-
shaped areas (A, B, I and X) unprinted. Inside these hydrophilic reaction 
areas they printed antibodies (anti-A to the letter A, anti-B to letter B, 
anti-D to letter I and a mixture of anti-A and anti-B to letter X). The 
blood sample was then applied on top of all the reaction areas and 
haemagglutination reactions occurred in reaction areas where antigens 
on the surface of the red blood cells reacted with the corresponding 
printed antibodies. The agglutinated red blood cell lumps were not 
easily removed from the fiber matrix in the subsequent washing step 
unlike the unreacted blood sample thus revealing the test results. 
Permanent water insoluble ink patterns (O and –) were also printed to 
enable the determination of all eight possible blood groups (AB+, A+, 
AB–, A–, B+, O+, B– or O–). 
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3.2.2. Electrochemical techniques and assays 

Electroanalytical methods are divided into different categories 
depending on the experimental variable which is controlled and which is 
observed. As current and potential cannot be controlled simultaneously, 
techniques where the potential of the electrode is controlled are called 
voltammetric methods and techniques where the current is controlled are 
called galvanostatic methods. Potentiometry on the other hand is a more 
passive technique where potential is measured under the conditions of 
no flowing current.  

Electrochemical analyses are typically consistent, reproducible, sensitive 
and selective provided that the measuring parameters and conditions 
have been properly optimized.15,52 There is however a limitation related 
to the electro-activity of the analytes that determines whether they can 
be detected. The compound under investigation must be able to either i) 
undergo a facile reduction or oxidation reaction, ii) catalyze some 
oxidation-reduction process, or iii) be converted into a species that can 
undergo reduction or oxidation.93 When a positive potential relative to 
the reference electrode is applied an oxidation reaction is supported and 
vice versa94 as schematically represented in Fig. 3.4. 

Electrode   Solution

E

Energy level 
of electrons

Vacant 
MO

Occupied
MO

Electrode   Solution
e

Electrode   Solution

E Energy level 
of electrons

Vacant 
MO

Occupied
MO

Electrode   Solution
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Fig. 3.4. A schematic illustration of a reduction and an 
oxidation of a species A in solution. The vacant and occupied 
molecular orbitals (MO) shown are the lowest and highest for 
species A, respectively.95 
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Although several model analytes96,97 and some clinically relevant 
analytes47,98 can be analysed with bare electrodes, typically promoters, 
mediators or electrode modification are needed to allow facile 
oxidation-reduction reactions at electrodes. Many biological 
macromolecules have a complex three-dimensional structures and a 
thick insulating protein shell surrounding the electroactive center that 
restrict their access to the electrode surface. As a result, the electron 
transfer to the electrode is slow even with large overpotentials. 
Unfortunately also many smaller molecules, e.g. glucose99 and hydrogen 
peroxide100, are analytes that require large overpotentials for the 
oxidation or reduction to occur on bare electrodes. Large overpotential 
is generally avoided since it lowers the sensitivity and specificity as well 
as increases the risk for interfering molecules.82,101,102 The reaction 
products may also adsorb on the electrode surface preventing further 
reactions.98,99 Therefore, to gain selectivity and to lower the required 
potential applied, a number of methods have been developed for the 
modification of the electrodes. In addition to the use of e.g. ion selective 
membranes, common strategies involve enzymes mainly for their high 
inherent specificity. The immobilization strategies can be classified in 
different ways, but typical categories are: adsorption, cross-linking, 
covalent binding and entrapment.47,103,104,105,106 Also e.g. self assembled 
monolayers (SAMs) have been studied as platforms for enzyme 
immobilization on electrode surfaces.107,108 

Since the direct electron transfer between the electrode and an enzyme is 
slow, as previously mentioned, mediated electron transfer is typically 
used. Mediators are usually nonphysiological redox couples, e.g. 
Fe2+/Fe3+, which reduce the potential of electron transfer. Taking glucose 
as an example analyte, the utilization of a mediator for a bienzymatic 
biosensor is shown in Schema 1.109 The mediators can be simply 
dissolved in solution. When being immobilized on the electrode surfaces 
mediators bring about both economical and ecological advantages. In 
addition, long stabilization times that may occur for dissolved redox 
mediators are avoided.110  
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Schema 1. Mediated bienzymatic glucose detection at an 
electrode. 

Voltammetric techniques are routinely used to gather information about 
analyte concentration or electrochemical reactions in analytical 
chemistry as well as for investigating novel modified electrodes. To 
carry out the experiments, a potentiostat is connected to the 
voltammetric cell and used to control the potential on the working 
electrode (WE) with respect to the potential of the reference electrode 
(RE) simultaneously while the current flowing between the counter 
electrode (CE) and WE is measured (Fig. 3.2.a).111  

To ensure a stable potential at the RE, a CE is used to minimize the 
current that flows through the RE, because it might cause a potential 
drift. The area of the CE is usually larger than that of the WE to ensure 
good electron flow. The three electrodes are immersed in an unstirred 
solution containing the analyte(s) under investigation and a supporting 
electrolyte (electrochemically inert salt e.g. KNO3 or KCl dissolved in 
water) for increased conductivity and to diminish the effect of the 
electric field on the motion of the analyte.112   

Some typical voltage versus time curves that are used in the 
electrochemical measurements are shown in Fig. 3.5. Amperometric 
(Fig. 3.5.a) and chronoamperometric measurements (Fig. 3.5.b and 
2.5.c) are relatively simple and can be used in commercial hand-held 
electrochemical readers which are integratable with printed EµPADs51 
thus narrowing the gap between laboratory and field analysis.  

The chronoamperometric detection principle is shown below with D-
lactate as an example target analyte.113  
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D-lactate + NAD+ ⇄ pyruvate + NADH + H+                                                  (3.9) 

Medox + NADH → NAD+ + H+Medred + 2e- (3.10) 

Medred    )( 'oEE Medox + 2e- + H+    (3.11) 

In the first step the oxidized nicotinamide adenine dinucleotide (NAD+) 
cofactor part of the active site of D-lactate dehydrogenase enzyme is 
reduced and D-lactate is transformed in puryvate (Eq.3.9). Usually two-
enzyme systems are utilized to shift the equilibrium of this enzymatic 
reaction to the product side, but Avramescu et al. incorporated 
Mendola’s blue mediator for this purpose as well as for reducing the 
overpotential of the oxidation of NADH (Eq.3.10).113 The final step is 
the electrochemical reoxidation of the mediator at a proper potential (E 
>Eo’) at the working electrode (Eq.3.11) i.e. crossing of an electron(s) 
through the electrode/solution interface which is a measurable quantity.  

Cyclic voltammetry (Fig. 3.5.g) is however possibly the most widely 
used of the voltammetric measurements. A characteristic shape of a 
diffusion limited cyclic voltammogram is shown in Fig. 3.6. Although 
the I vs E curve is rather inconveniently asymmetric, a lot of general 
information about the electrochemical behaviour of the analyte can be 
drawn from its shape by e.g. calculating parameters such as peak current 
(Ip), peak separation (Ep) and formal reduction potential of the 
reversible redox couple (E o’ = (Epa+Epc)/2) (Paper V). The step 
techniques are usually preferred when quantitative information is of 
primary importance as the detection limits e.g. for square wave 
voltammetry (Fig. 3.5.f) may be on the order of nanomolar 
concentrations due to the lesser contribution of capacitive charging 
current.114 
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Fig. 3.5. a) amperometry, b) double potential step 
chronoamperometry, c) triple potential step 
chonoamperometry, d) linear sweep voltammetry, e) 
staircase voltammetry, f) square wave voltammetry, g) cyclic 
voltammetry and h) cyclic staircase voltammetry  and i) 
cyclic square wave voltammetry.115,116 

 

Fig. 3.6. A typical shape of a diffusion limited cyclic 
voltammogram and the definitions of the parameters that are 
used to describe the electrochemical reactions at the 
electrodes. 
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The scanned potential range is selected so that the formal potential of 
the analyte is within the potential range. During the forward scan the 
current first increases till the potential reaches the oxidation potential of 
the analyte and then decreases when the flux of the reactant to the WE is 
too slow due to the grown diffusion layer. During the reverse scan, the 
inverse process occurs if an electrochemically reversible redox couple is 
in question. The peak current, Ip, is described by the Randles-Sevcik 
equation (Eq.3.12) (Paper V): 

Ip = (2.69 × 105)n3/2AD1/2cv1/2 (3.12) 

where n is the number of electrons participating in the redox process, A 
is the electrode area [cm2], D is the diffusion coefficient [cm2/s], c is the 
concentration [mol/cm3] of analyte and v is the scan rate [V/s]. The 
theoretical difference between the oxidation and reduction peaks (Ep) 
is 59 mV for a reversible reaction with one-electron transfer (n = 1) 
occurring at 25°C.117 Theoretically the ratio of the peak currents should 
be equal to unity for a totally reversible redox couple (Eq.3.13) (Paper 
V): 

1
pc

pa

I

I
 (3.13) 

Many of the protocols and detection principles discussed earlier in the 
colorimetric assays section (3.2.1.) can be adapted to electrochemical 
measurements carried out with printed electrodes simply by using 
suitable electrochemical substrates. Amperometry, chronoamperometry 
and cyclic voltammetry for example have been used as detection 
mechanisms in combination with ELISA.15,66,118 Salam et al.66 
demonstrated the chronoamperometric detection of Salmonella 
typhimurium by using an electrochemical immunosensor with 3,3',5,5'-
tetramethylbenzidine dihydrochloride (TMB)/H2O2 as the enzyme 
mediator/substrate system (Fig. 3.7). First TMB (Red) is enzymatically 
oxidized to TMB (Ox) (Eq.3.14) and subsequently it reduces back to 
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TMB (Red) at the printed gold electrode (Eq.3.15).119 The proposed 
system is a promising, rapid and sensitive method for on-site detection 
of pathogenic contaminants. 

 

Fig. 3.7. The detection principle of an electrochemical 
immunosensor for salmonella (Ag = salmonella cell). 

 

 
(3.14) 

 

 
(3.15) 

Li et al. presented a low-cost paper-based electrochemical ELISA that 
was suitable for sensitive medical diagnosis or pathogen detection in 
developing countries15 (Fig. 3.8.).  
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Fig. 3.8. The detection principle of an electrochemical 
ELISA (model antigen, Ag = IgG). 

A clever and nearly universal electrochemical platform was proposed by 
White et al.120 for the quantitative multiplexed detection of specific 
antibodies. Current standard methods used for the detection of 
antibodies such as ELISA and Western blots are relatively slow. 
Therefore electrochemical assays are relevant for not only diagnosis but 
also for prevention and treatment of many illnesses both in the 
developed and developing countries. In the approach by White et al. 
gold working electrodes were modified with thiolated deoxyribonucleic 
acid (DNA) anchor strands that have a methylene blue redox reporter at 
the 3’ terminus. The complementary strand with an antibody binding 
epitope at the 5’ terminus was then introduced to form the duplex strand. 
In the absence of the antibody, the methylene blue is able to approach 
the electrode surface and participate in the electron transfer but as soon 
as the specific antibody binds to the epitope a reduction in the electron 
transfer is observed. By square wave voltammetry measurements the 
platform was shown to detect antibodies at concentrations as low as 500 
pM. The proposed electrochemical DNA antibody sensor platform 
performed well with undiluted blood samples, small sample volumes 
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and gave results within minutes and required no washing steps. It thus 
appears to be a platform with great potential for point of care devices. 

Another area in clinical analysis that could benefit from a simple 
electrochemical platform is the simultaneous determination of multiple 
tumor markers, because single tumor marker detection has been 
criticized for high rate of false positives and negatives.121,122 In order to 
simultaneously detect multiple targets in a sample Fen-Ying Kong et al. 
developed a novel strategy that was based on a single sensing electrode 
having differently functionalized branches. The system was also label-
free, reagentless and utilized single channel operation, all of these being 
factors that are beneficial considering point of care devices.  

Potentiometry is gaining increasing interest for its applicability as a 
detection method in low cost electrochemical sensors.123 An equation 
that relates the potential of an electrochemical cell in nonstandard 
conditions to the activity of the cell components, i.e. the Nernst 
equation, is highly useful for electrochemistry. It can be developed by 
inserting the following expressions (Eq.3.16-3.17) 

G = –nFE (3.16) 

Go = –nFEo  (3.17) 

into the thermodynamic relationship for Gibbs free energy (3.18) and by 
dividing both sides with –nF.111  

G = Go + RTlnQ (3.18) 

E = E o–(RT/nF)lnQ (3.19) 

In the Nernst equation (Eq.3.19), E = non-standard cell potential (the 
maximum potential between two electrodes), E 0

 = standard state cell 
potential (E 0 = Ecathode

0–Eanode
0), R = universal gas constant, T = absolute 

temperature, n = number of electrons exchanged in the reaction, F = 
Faraday's constant and Q = reaction quotient.  
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Keeping in mind that ln(x) = log(x)/log(e) = 2.3log(x), the following 
simplified form (Eq.3.20) can be written that is valid at 25°C. 

E = E o–0.059/n*logQ (3.20) 

For a general half reaction (a ox + n e–  b red) the reaction quotient is 
defined as (Eq.3.21) or (Eq.3.22) as it is convenient (although not 
possible in every conditions) to replace the activities (a) with 
concentrations.  

Q = (ared)
b/(aox)

a (3.21) 

or  

Q = [red]b/[ox]a (3.22) 

A typical form of the Nernst equation is therefore obtained, which can 
be used for e.g. estimating the concentration ratio of the reduced and 
oxidized species at the electrode surface during CV measurements 
(Eq.3.23) (Paper V).117   

E = E o–0.059/n*log([red]b/[ox]a) (3.23) 

A pH meter is a well known instrument that utilizes a potentiometric 
measurement. A pH meter measures the potential difference between the 
measuring electrode and the reference electrode which are separated by 
a special glass membrane. The Nernst equation can be applied (Eq.3.24) 

E = constant +2.3RT/F*log aH+
(solution) (3.24) 

Using the definition for pH (Eq.3.25) and a temperature of 25°C an 
equation which reveals the theoretical slope (59 mV/pH) of E vs pH plot 
for an electrode with a Nernstian behaviour is obtained (Eq.3.26) (Paper 
V).124 

pH = –log(aH+) = –log[H+] (3.25) 
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E = constant –0.059 pH (3.26) 

Electrochemical impedance spectroscopy (EIS) measures the ability of a 
circuit to impede the flow of a current (I).125 Thus impedance (Z) and the 
total resistance (Req) are identical (Eq.3.27) when a voltage source e.g. a 
battery that creates a potential difference (E) and produces direct current 
(dc) is connected in a simple circuit that contains a resistor or resistors 
(R1, R2, R3) connected in series (Eq.3.28) or parallel (Eq.3.29) (Fig. 3.9). 
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               Fig. 3.9. Resistors connected in series and parallel. 

Compared to resistance, impedance is a more general circuit parameter 
and can be calculated for circuits that include also other components 
than resistors, for example inductors and capacitors, while alternating 
current (ac) is applied. Impedance is defined as (Eq.3.30) 
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where Et  (potential at time t) is the excitation signal, E0 is the amplitude 
of the signal and f is frequency [Hz] and It is the response signal, 
isradial frequency, I0 is the amplitude and  is the phase shift (Fig. 
3.10). 
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Fig. 3.10. The applied sinusoidal ac exitation potential Et 
and sinusoidal current response signal It of the 
electrochemical cell. 

Impedance is also defined as the sum of the real impedance (resistance) 
and the imaginary part (reactance) (Papers IV and V) (Eq.3.31)  

Z = Z ' +iZ " (3.31) 

Thus the Z ' and Z " values cannot be summed directly. One way to 
present impedance data is to plot -Z " values on the imaginary y-axis and 
Z ' values on the real x-axis to give a complex-plane impedance plot, 
often termed a Nyquist plot.125 The vector Z can be calculated with the 
help of Pythagoras sentence if Z ' and Z "are known. Or if the phase 
angle is known, the basic trigonometric functions (3.32-3.33) may be 
also utilized (Fig. 3.11.b). 

Z ' = Z cos (3.32) 

Z " = Z sin (3.33) 

EIS measurements are typically used to get information about an 
interface, for example to evaluate the performance of a coating (Paper 
IV) or to study corrosion systems.125,126,127,128 For a purely capacitive and 
perfect coating, the circuit model is shown in Fig. 3.11.a. The Nyquist 
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plot for such a system would be a strait vertical line. The solution 
resistance can be estimated from the intercept of the curve with the x-
axis. For real coatings modeling is a powerful tool which can be used for 
finding an equivalent circuit that would give corresponding EIS results. 
The Randles equivalent circuit is often used as the starting point for 
modeling. The circuit is composed of the electrolyte resistance (Rs), the 
charge transfer resistance (Rct) and the double layer capacitance (Cdl). 
The corresponding Nyquist plot is shown in Fig. 3.11.b. The 
disadvantage of Nyquist plot is that one can not tell the frequency range 
used in the measurements. On the other hand, for example the Rs and Rct 
values are easily determined from the intercepts of the semicircle with 
the x-axis (Eq.3.34-3.35):  
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Fig. 3.11. Nyquist plots and circuit models for a) a perfect 
capacitive coating and b) Randles cell.131 
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Benefits of EIS are that it is a label-free and nondestructive detection 
method e.g. for determining DNA hybridization, the influence of 
binding of electrochemically inert antibodies and antigens on the 
impedance of the system.127,129,S16,S21 The Randles model for example 
was shown to be applicable for modeling the impedance data of dust 
mite antigen biosensors.130 Especially the Rct parameter correlated well 
with the analyte concentrations showing the potential of EIS as a 
detection method for low-cost and high sensitivity sensors. 

Also capacitance measurements have been used for the direct detection 
of antibody-antigen interaction.132 Bataillard et al. carried out 
capacitance measurements in simple buffers using a custom made 
electrochemical three-electrode cell and found that as binding events on 
the functionalized electrode occur, the thickness of the dielectric layer 
increases which results in a decrease in the capacitance.  

3.2.3. Microplate readers 

Carrilho et al.13 established the use of a standard microplate reader 
showcasing the usefulness of the paper-based devices as worthy 
alternatives for plastic plates. A microplate reader is essentially a 
cuvette-based spectrophotometer transferred to typically a 96-well 
format.133 Sophisticated readers are able to measure e.g. absorbance, 
fluorescence and time-resolved fluorescence. 

When absorbance measurements are carried out with opaque filter 
papers, the transmittance of the light needs to be enhanced e.g. by using 
a mineral oil or other liquid with a refraction index matching the 
refraction index of cellulose. A paper substrate becomes more 
translucent as the air gaps between the fibers become filled with the 
index-matching fluid and scattering thus reduced.   

In order to be able to use the conventional plate readers successfully for 
fluorescence measurements, the autofluorescence properties of the paper 
substrate need to be adequately low for obtaining a good signal to 
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background level thus enabling also the detection of low analyte 
concentrations. With the choice of a proper label, e.g. europium (III) or 
terbium (III) that forms a fluorescent chelate with a long fluorescence 
decay time134 problems related to substrates could be circumvented by 
using a time-resolved detection mode.  

Microplate readers as well as sensors that utilize chemiluminescence 
(CL)135,136 or electrochemiluminescence (ECL)137,138 as the detection 
method may well gain importance in future as they provide added 
selectivity, sensitivity and a wide dynamic concentration response range.  

3.3. Adsorption of biomaterials 

3.3.1. Proteins 

Adsorption is an extensively studied phenomenon that occurs when a 
solid surface is exposed to an aqueous solution containing e.g. 
proteins.139 However, there is a lack of consensus related to this complex 
process.140,141 Some research groups consider the adsorption as an 
irreversible attachment of proteins on the surface and thus often perform 
rinsing steps to remove the weakly bound proteins to form a thin (2D) 
protein layer.140 Other groups on the other hand count also the weakly 
bound proteins near the surface as part of the (3D) interphase that 
separates the bulk solution and the solid substrate.140 The adsorption of 
proteins and their fate have fundamental importance to a broad field of 
science.142,143,144  

The conventional explanation for the low protein adsorption on 
hydrophilic surfaces is that in order to adsorb, the proteins must replace 
the water molecules that are adsorbed at the surface. Depending on the 
hydrophilicity of the solid substrate this dehydration step requires 
different amount of energy.140 When the water contact angle is ~ 65° or 
lower the dehydration becomes energetically so unfavorable that 
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accumulation of proteins on the surface from the bulk phase is not 
occurring.141 Proteins have been shown to adsorb also on the very 
smooth muscovite mica surface, which is a highly hydrophilic substrate. 
The adsorption is however extraordinary involving an ion-exchange 
mechanism. 

A compensating factor that has been said to be a driving force for 
adsorption is then again the entropy gain that is achieved when the 
adsorbed water molecules are released from the surface and from the 
hydrophobic parts of the protein that come into contact with the surface. 
Also structural changes that occur in the protein may increase its 
conformational entropy and thus enhance adsorption affinity.145,146  

Critical aspects considering many of the applications are the degree of 
protein coverage, the orientation in which the protein is adsorbing on the 
substrate and whether or not the proteins retain their functionality after 
adsorption.147,148 The amount of adsorbed proteins, adsorption strength 
and the degree of their conformational change upon adsorption has been 
shown to depend on various factors. External factors include e.g. 
temperature, pH, ionic strength and buffer composition and 
concentration of the protein solution. At high protein concentration and 
temperature the surface will be saturated typically more rapidly leading 
to higher amount of adsorbed proteins. The rapid and pronounced 
adsorption does not leave time nor space for the proteins to spread on 
the surface. Another factor that influences the speed of adsorption is the 
pH of the solution, which influences the charges at the surfaces. When 
the charges are opposite the adsorption is also faster. However at a pH 
which equals the isoelectric point of the protein, highest packing density 
is usually obtained because the electrostatic repulsion between the 
proteins is at a minimum.149 The ionic strength of the protein solution 
has an influence that is dependent on the proteins. When the surface and 
the protein are oppositely charged, increasing ionic strength hampers 
adsorption. When the charges of the proteins and the surface have the 
same sign the dissolved ionic species in the solution shorten the range of 
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the electrostatic interactions between the protein and the surface, thus 
enhancing adsorption.    

The properties of protein that have an influence on the adsorption 
include structural stability, size, composition and surface charge. 
Proteins that have the capability to change their structure upon 
adsorption are so called soft proteins.150 The higher the surface-protein 
contact area becomes the higher is the gain in free energy and also the 
strength of adsorption. Therefore larger proteins typically adhere 
stronger on the substrate than small proteins. Large conformational 
changes or denaturation however might affect the functionality of some 
proteins.150,151 

There are naturally various surface properties like for instance surface 
polarity, surface charge, surface free energy, surface topography, the 
hydrophobicity and hydrophilicity and the presence of specific chemical 
groups on the surface, that have an influence on protein adsorption 139,152, 
153,154,155,156 Non-polar, high surface tension and charged surfaces tend to 
be adsorbing proteins more strongly than polar, low surface tension and 
uncharged surfaces, respectively.139,157 The nanoscale morphology has 
been shown to increase the saturation uptake and the amount of 
adsorbed proteins not merely due to the increased surface area but also 
via the geometrical arrangement of proteins on the surface.158,159  

Significant efforts have been devoted in order to decrease protein 
adsorption on e.g. medical implant surfaces and catheters since the 
conformational changes occurring in the proteins may trigger 
inflammation, coagulation and foreign body response.143 Poly(ethylene 
glycol) (PEG) modified surfaces are considered as highly protein-
repellent materials due to the steric repulsion and excluded –volume 
effects between the protein and the PEG modified surface. PEG and 
oligo(ethylene glycol) functionalized surfaces contain OH groups that 
are capable to form hydrogen bonds. Interestingly also the elimination 
of functional groups that include hydrogen bond donor moieties has 
been observed to be an effective way to prevent protein adsorption.157 
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3.3.2. Bacteria 

Bacteria prefer to adhere on available surfaces and form microbial 
communities rather than exist as nomadic free floating cells.160 This is 
perhaps because of the usually better abundance of nutrients near solid 
surfaces161, the solid surface may also itself be a nutrient source.162 The 
surface attached bacteria are embedded in a self-produced biofilm 
matrix consisting of extracellular polymeric substance (EPS) which 
provides a protection against adverse environmental conditions thus 
offering good survival possibilities. Consequently bacterial adsorption, 
colonization, development to mature biofilms and finally the dispersion 
and dissemination of bacteria cause significant risks to biofilm-
associated infections that may lead to morbidity and even death.163,164 
Although it is possible to temporarily clean the surface of e.g. a 
prosthetic device before an operation, the ability of bacteria to inhabit 
tissue and medical implants e.g. through hematogenous spreading from 
infections elsewhere in the body165 causes a serious healthcare issue166, 
167,168 especially due to the high antibiotic resistance of biofilms. 
Therefore it is important to gain detailed knowledge about the factors 
that have an influence on the bacterial adhesion, biofilm formation and 
their various survival strategies160,169,170, and furthermore development of 
either acute or chronic infections171. Such knowledge enables the design 
of more effective antimicrobials that kill or inhibit the spreading of 
micro-organisms.172 Equally important is the development of durable 
engineered antimicrobial surfaces for orthopedics, dentistry and other 
applications requiring high hygiene in challenging conditions.173,174 On 
the other hand, search for effective materials for retention of micro-
organisms e.g. in soil or removal of them is important to prevent waste 
waters from contaminating ground water supplies.175  

The factors that influence the bacterial adhesion or irreversible 
interaction between the bacteria and the substrate can be categorized 
into three groups: physical, chemical and microbiological.176 One 
important physical factor related to the substrate is its surface roughness 
that increases the effective (real) surface area and thus provides more 
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adhesion sites especially when the surface irregularities are of the size 
comparable to the bacterium thus increasing the bacterium-substrate 
contact area. Also the shear forces (generally higher shear rates are 
considered to result in decreasing the number of attached bacteria) are 
lower at certain shadowed areas which may reduce the desorption rate at 
those spots and thus increase adhesion.177 Organic matter, e.g. proteins, 
usually adsorbs rapidly on clean surfaces and forms a so called 
conditioning film that has been shown to play a role in the adhesion of 
bacteria.178 The irreversible adherence of bacteria is also linked to the 
production of EPS and biofilm formation179, which is enhanced e.g. if 
glucose is readily available180. The biofilm surface may also provide a 
suitable surface for further adsorption of bacteria.181 Rode et al.180 
carried out a broad study of the effect of e.g. temperature on the biofilm 
formation with several strains of S. aureus. S. aureus is a common 
pathogen in humans and animals. The study showed that it is critical to 
investigate several strains before drawing general conclusions regarding 
biofilm formation since the strain to strain variation was considerable. 

pH of the solution is a chemical factor which influences the surface 
charges of both the substrate and the bacteria and has an influence on 
the adsorption. Adsorption is favored when the surface and the bacteria 
have opposite charges.182 If the surface and the bacteria are both 
negatively charged the presence of charged ions that are usually found 
in liquids neutralize both the solid surface and the bacteria by 
accumulating on the surface and forming a double layer the thickness of 
which depends on the ionic strength of the solution. As a result the 
attractive van der Waals forces may become higher than the repulsive 
electrostatic forces and bacteria may attach on the solid surface.  

A typical microbiological factor that influences bacterial adhesion is the 
hydrophobicity of the organism, which may change depending on the 
growth conditions.183,184 It has been shown that hydrophobic organisms 
prefer to adhere on hydrophobic materials. On the other hand 
hydrophilic surfaces are more attractive for some bacteria. Therefore 
superhydrophobic substrates have been shown to be good candidates in 
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a search for surfaces where bacterial contamination would be 
minimal.185 Other strategies involved in the adhesion of bacteria are the 
production of surface appendages (e.g. flagella) that allow them to 
overcome the electrostatic repulsive forces when approaching a 
surface186 and chemotaxis that controls flagellar motion and allows them 
to find an environment that provides the necessary energy supply187. 

3.3.3. Thiols 

Thiolation of metal surfaces (Au, Pt, Pd, Ag, Cu and Hg) is a 
spontaneous process due to the fact that the free energy of the interface 
between the metal and the ambient environment decreases as a 
consequence of the formation of a self-assembled monolayer (SAM) of 
thiols from solution.64,188 There are several reasons for gold being the 
most often used metal surface in the investigations of SAMs of 
alkanethiols; for example the strong and energetically favorable 
interaction between gold and thiol groups and the availability of gold 
surfaces (thin films, patterned structures, colloids etc.). Gold is an inert 
metal and non-toxic to cells, and the SAMs on gold are stable for 
periods of days to weeks also in complex liquid media.189  

The adsorption and reorientation behaviour of various thiols has been 
intensively studied to gain insight of the attachment modes.190–194 Cohen-
Atiya and Mandler195 proposed a detailed mechanism for the formation 
of a covalent bond between the metal surface and sulphur (Fig. 3.12). 
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Fig. 3.12. Adsorption of thiols on metal surfaces.195 

The potentiometric measurements suggested that initially a negative 
charge is transferred from the thiol group to the gold surface as the H-S 
bond breaks. After that a discharging process occurs where protons from 
the solution reduce at the electrode and eliminate the accumulated 
negative charge on the surface.   

Possible application areas for SAMs are numerous since the chain length 
and the terminal group of the adsorbed molecules can be varied 
according to requirements. SAMs have been used to carry out 
fundamental wetting studies.188 More recently SAMs have been 
incorporated for immobilization of biological molecules or as 
recognition elements in biosensors.108,196 They are also useful as model 
surfaces for studying the adsorption of cells and proteins.197,198  

The high binding affinity of thiols on silver nanoparticles has been 
utilized in a laber-free colorimetric detection of biological thiols e.g. 
cysteine (amino acid).199 Thiolation is also utilized in the stabilization of 
gold nanoparticle suspensions to enable their use as inks for the 
fabrication of printed conducting tracks200 and in nanomedicine201,202,203.  
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3.4. Printing and coating techniques 

3.4.1. Inkjet printing 

The tendency of a liquid stream to break up into individual droplets 
(Fig. 3.13.) was experimentally studied by Plateau204 in 1873 and later 
analytically explained by Rayleigh205 in 1878. The droplet formation is a 
consequence of perturbations that cause instability to the liquid column 
when the length of the column exceeds its diameter by a factor of about 
3.13. In addition, the surface tension drives the liquid to surface area 
minimization, achieved by the formation of spherical droplets.204,205 This 
phenomenon was exploited in the first patented inkjet-printer.206  

 

Fig. 3.13. A photograph showing the droplet formation that 
occurs while water drains from a spigot. 

A more controllable way for forming droplets with uniform size and 
spacing was introduced by Sweet in 1960s.207 The method was based on 
an applied pressure wave that broke the liquid stream into droplets. 
Since then, the development of inkjet printing technology has been 
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immense. The advantages of inkjet-printing technology have made it a 
commonly used method for modern industrial applications. Especially 
the digital pattern generation and its fast modification together with the 
noncontact nature and high resolution208 are significant benefits that 
allow the method to be used in a wide range of applications such as 
discovery of new drugs209, printing of medical and pharmaceutical 
ingredients210,S10, printing of electronic components and devices211,212 and 
fabrication of 3D objects213,214 for e.g. rapid prototyping or even for new 
body parts in the future.  

Various technologies have been developed for the droplet generation 
that are based either on a continuous formation of charged drops and 
their deflection in order to create the print pattern (continuous inkjet 
printing, CIJ) or on a drop-on-demand (DOD) mode where drops are 
jetted only when needed.215  

In DOD method the ink is held in the chamber due to the surface tension 
of the fluid and a meniscus resides at the nozzle orifice until the droplet 
is ejected. In piezoelectric printers the droplet is squeezed out as a result 
of the changing dimensions of a piezoelectric element (Fig. 3.14.a). In 
thermal printers the droplet is ejected due to the pressure increase 
caused by a bubble formation at the heating element (Fig. 3.14.b). 
Therefore in contrast to the CIJ method, neither fluid recirculation nor 
charging of the droplets is required making the method far less complex 
than the CIJ. In DOD also the risk of contamination that may occur 
during ink recirculation is avoided making it likely a better option for 
biosensor applications.216 Out of the various methods for droplet 
creation, the thermal and piezoelectric technologies are nowadays the 
dominating ones. Advantages of the piezo technology are the high 
printing speed because the ink requires no heating. This also eliminates 
the risk of damaging biological fluids by heating. Excellent accuracy in 
the amount of printed ink can be obtained as electrical charge is used to 
precisely control the piezoelectric element that drives the liquid from the 
reservoir through the orifice.  
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Ink                                                                   Ink
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Fig. 3.14. Drop formation process of a a) piezo and b) 
thermal ink jet.  

Durability of the print heads and the lower power consumption 
compared to the thermal system are factors that make piezo-inkjet a 
more environmentally friendly option.217 Other advantages of the piezo 
heads are that the actuating waveform can be flexibly modified and that 
high boiling point solvents can be used.218  

In order to perform high quality jetting, a perfect droplet creation is 
needed. There are several factors that influence the printability; mainly 
the physicochemical properties, e.g. particle size, viscosity and surface 
tension of the fluid and the electrical conditions (waveform) which often 
require optimization.  

A parameter called the inverse Ohnesorge number (Oh-1) can be used for 
estimating the printability of liquids or e.g. for selecting a cartridge with 
an optimal nozzle size if possible. It is defined as the ratio of the 
Reynolds number (NRe) to the square root of the Weber number (NWe) 
thus relating viscosity, inertial and surface tension effects (Eq.3.36). 
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where  ,,, av and  are the velocity of the drop, radius of the nozzle, 
the density, the surface tension and the viscosity of the fluid, 
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respectively. Jang et al.219 determined experimentally the printability 
range to be Oh-1 = 4 – 14 and Meixner et al.220 defined it to be 1 – 10. 
Too low values result in filament formation decreasing the print 
resolution and too large values on the other hand may not support 
droplet formation or lead to satellite drop formation. A solvent system 
with an intermediate Oh-1 value of about 7 can be obtained e.g. by 
mixing ethyl alcohol and ethylene glycol (volume fractions: 
0.75:0.25).219  

Disadvantages of inkjet-printing are e.g. the possibility for nozzle 
clocking during printing. Storage of the ink cartridges may cause a 
drying out of the cartridge. The printability window is rather narrow.221 
The viscosity is recommended to be within 1-40 mPa·s (preferably ca 10 
mPa·s) and surface tension within 20-50 mN/m (preferably ca 30 
mN/m). Also any particles in the ink should be about 100 times smaller 
than the nozzle diameter (21 µm, DMC-11610).222 

3.4.2. Flexographic printing 

The original concept of using rubber plates for printing was patented by 
J. A. Kinsley in 1853. However, the first flexographic printing press was 
built much later in UK by Bibby, Baron and Sons in 1890. The principle 
of the flexographic printing process closely resembles the oldest printing 
process called letterpress with the exception that the typically metallic 
types used in the letterpress were replaced by e.g. rubber plates. Printing 
on a wide range of materials and on challenging substrates such as 
corrugated paperboard and curved packages and containers became 
possible with the flexible relief plates. The use of mechanically 
engraved anilox rolls for metering the ink amount is considered as the 
central part of the modern printing process.223 Later technological 
improvements in the manufacturing of both the anilox rolls and printing 
plates, have made flexographic printing a versatile and fast growing 
conventional printing technique with a promising forecast.224 Recently 
EskoArtwork introduced the HD Flexo, which combines high resolution 
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plate manufacturing and excellent screening technology thus improving 
the print quality significantly.225  

The modern flexographic printing process is schematically illustrated in 
Fig. 3.15. One advantage of flexographic printing lies in its roll-to-roll 
compatible nature and high speed printing of e.g. functional materials 
for transistors and solar cells.226,227,228  

         

Fig. 3.15. Representation of the modern flexographic 
printing process.  

Application of the ink from the ink pan on the anilox roll is done by the 
rotating rubber-covered fountain roller. The excess ink can be removed 
either by a doctor blade or by adjusting the pressure and speed of the 
rolls so that only the ink in the engraved cells in the anilox roll is 
transferred further to the raised image areas on the ink-receptive plate. 
From the cells the ink is transferred on the raised image areas on the 
printing plate. The ink is further transferred on the print substrate when 
it travels through the nip between the rotating printing plate cylinder and 
impression cylinder.  

One of the benefits of flexography is its capability to operate with a 
variety of inks and substrates. A suitable viscosity range (50-500 mPa·s) 
is broad compared to e.g. inkjet printing (1-40 mPa·s)229. The properties 
of the anilox rolls as well as the printing plates can be adjusted to 
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facilitate optimal print quality for various inks such as water-based, UV-
curable or oil-based. The properties of the anilox roll (line count, 
engraving angle, cell shape and the transferred volume) are especially 
important when printing conductive inks by a single pass.230  

A schematic picture of the configuration of the laboratory scale 
printability tester used in this work is shown in Fig. 3.16. 

 

 

Fig. 3.16. Schematic illustration of the laboratory scale 
printability tester used in this study (Papers I, II and V). 

3.4.3. Screen printing 

The idea of using a stencil for patterning purposes is ancient. One of the 
earliest still remaining paintings created using leaves as stencils are 
located on Fiji.231 Over the years the stencils have become more and 
more sophisticated. Silk fabric stencils were first used in China during 
the Song dynasty period over 1000 years ago. However, the screen-
printing process and the use of silk fabric as the stencil were patented by 
Samuel Simon in UK in 1907. The number of factors influencing the 
print quality in screen printing is fairly large.232 Stencil development and 
print quality optimization are in central role because higher and higher 
resolution and defect free prints are demanded.233–235 Nowadays, the 

         Anilox roll / 

 

     Impression roller /

Doctor blade                                 Printing plate cylinder 
           \                             /  
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stencils typically consist of nylon, polyester or metal. The principle of 
screen printing is shown in Fig. 3.17. (Paper I). 

Ink

Squeegee

Paper

Screen

 

Fig. 3.17. Screen printing principle. 

Traditionally, screen printing is used when viscous (500-50000 mPa·s) 
229 inks are used and thick print layers are needed by one pass to e.g. 
ensure good conductivity. Noble metal electrodes for electrochemical 
sensor applications have been fabricated for decades by screen 
printing.54,236 In addition, very thin, only several tens of nanometers 
thick, layers can be printed by screen printing if dilute solutions and fine 
stencils with high mesh counts (i.e. smaller mesh openings) are used.237  

3.4.4. Reverse gravure coating 

Reverse gravure coating method was developed for obtaining a reliable 
and reproducible way for coating smooth, uniform and thin coating 
layers.238 The method is even suitable for coating a hydrophobic surface 
with a water-based formulation containing pigments (Papers II–V), 
something that would be cumbersome to carry out with e.g. a blade 
coater.S15  

 

Fig. 3.18. Schematic illustration of the reverse gravure 
coating technique. 
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Fig. 3.18 shows a schematic illustration of the reverse gravure (RG) 
coating technique. The engraved cylinder is partially submerged in a pan 
that contains the coating solution. A blade is used to remove the excess 
coating, thus a predetermined amount of coating is applied on the paper. 
In addition to the engraving specifications, the coating thickness can be 
adjusted by the speed of rotation. The rotation direction is the opposite 
to the travel direction of the paper substrate, thus the coating is applied 
on paper in a shearing manner producing generally smoother coatings 
than obtained with film splitting methods. The absence of a backing roll 
reduces many nip-induced defects such as web breaks. 

3.5. Print substrates and factors that influence adsorption and 
print quality 

3.5.1. Roughness  

Roughness of a paper substrate is an important factor affecting print 
quality. In conventional graphic printing the inks are deposited for 
visual purposes and both roughness and gloss of the paper substrate play 
a role for the pleasantness of the reading experience.239 In printed 
functionality the deposited inks bring added value through a particular 
new functionality. The role of roughness may be drastic because the 
whole device or sensor performance may be impaired or short-circuited 
due to too large roughness.  

Surface profilometers can be used for the characterization of isotropic 
surfaces and large length scale roughness, but they may fail to give 
reliable results for anisotropic substrates and surfaces with nanometer 
scale features. Usually papers that are intended to be used as substrates 
for printing of e.g. thin and smooth layers of nanoparticle-based inks are 
coated papers and relatively smooth. Such samples require high 
resolution surface characterization techniques such as AFM to be able to 
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analyse the information that contributes significantly to the function of 
the surface.  

In addition to visual inspection, the AFM images can be analyzed for 
obtaining statistical information about the topography of the samples. 
Several roughness parameters are available for providing numerically 
representative information about the surfaces. The Sdr roughness 
parameter gives the real surface area (Fig. 3.19) as percentual increase 
compared to the flat projected area (Eq.3.37) (Papers II, IV and V).  
The measured surface area is sensitive to the image resolution. The most 
reliable Sdr value for a surface is therefore usually obtained from 
relatively small scale AFM topographs measured with high amount of 
pixels. For a totally flat surface, the factual surface area and the area of 
the xy plane are the same yielding an Sdr value of 0 %.  

%100
areaprojected

areaprojectedareasurfacereal
Sdr 


  (3.37) 

 

Fig. 3.19. The real surface area is obtained by calculating the 
total area of all the triangles formed over the texture. 

The root mean square roughness (Sq) (Papers I–V) gives the standard 
deviation of the height values. The disadvantage of the Sq parameter is 
that it gives no information about the lateral distribution or height 
asymmetry of the surface features. For example the two model surfaces 
in Fig. 3.20. have exactly the same Sq value although the other sample 
contains peaks that are quite far away from each other and the other 
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sample consists of humps that are not as high but are more densely 
located. The Sq value is also dependent on the image size especially if 
the surface contains features like cells240 or peaks (Fig. 3.20). A 
considerably lower Sq value would be obtained if the image area would 
be selected in an unrepresentative way so that such a peak would be 
excluded from the image.  

 

Fig. 3.20. Two model surfaces with different Z-range but 
same Sq value. 

Before the roughness analysis is carried out for the measured images, 
usually fitting or filtering to some degree is required.241,242 Typically, at 
least the tilt in the image caused e.g. by the sample not being 
horizontally placed is removed by subtracting a fitted first order 
polynomial function (cf. Fig. 3.21.a and 3.21.b).  

 

Fig. 3.21. An example of image processing: a) raw 
topographical image of Latex 2 sample with z-range 2601 
nm, b) the same image after polynomial and LMS fitting, z-
range 461 nm and c) after fitting and Gaussian (ISO 11562) 
filtering with relative cut off 1/5, z-range 305 nm. 

a                b          c  



Background and Literature Review 

51 

In addition, coated paper substrates often contain waviness (or macro 
roughness). Filtering provides a way of separating the waviness that is 
superimposed with roughness (cf. Fig. 3.21.b and 3.21.c). Filtering also 
provides a way to reduce the scale-dependence of roughness as Sq can 
be presented as a function of a correlation length. 

The dependence between two random variables (e.g. y and x that may be 
for example the height and length) can be determined by calculating the 
correlation coefficient rc (Eq.3.38).   
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A value of +1 corresponds to a perfect linear correlation and a value of –
1 to a perfect linear anti-correlation. In a corresponding manner it is 
possible to determine the autocorrelation function (ACF), which is the 
similarity between a variable y(x) and the same variable after a shift 
y(x+) (for example a time delay or a shift in position).  

The ACF for analyzing e.g. a roughness profile is defined as 
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The areal ACF that is needed for analyzing a 3D surface topography is 
defined as 
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where S2 is the variance of the z variable, Sq
2 in case of surface 

topographical analysis. If the shift is zero, the ACF has its maximum 
value, one. As the shift increases the ACF value typically decreases 
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approaching theoretically 0.243 When the ACF has decreased for 
example to a value of 0.5, the horizontal shift gives the correlation 
length (T50). A correlation length corresponding to a decay to a value of 
e-1 (T37 or Scl37) was used in this study. The correlation lenght can be 
considered as the length for which single height readings for a random 
surface become statistically independent of one another.244  

By filtering the AFM topographical images with different cut off values 
(i.e. by subtracting various length scale waviness), the roughness (Sq) 
can be calculated as a function of T37.   

If anisotropic samples containing e.g. organized linear structures are in 
question, the correlation length is different for different directions. 
Perpendicular to the surface lay the correlation length is much smaller 
than in the direction parallel to the lay. Parameter Str37 gives information 
about the strength of the texture and it is defined as the ratio of the 
fastest to slowest decay to 37% of the autocorrelation function. 
Therefore it may be convenient to calculate instead the average 
correlation length Ta which is defined as 
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Detailed analysis of the evolution of roughness as a function of 
correlation length has been used for estimating the required pressure 
needed during flexographic printing in order the relief plate to get into 
contact with the deepest valleys of the substrate.245

 This kind of 
roughness analysis could be useful also when considering the amount of 
ink needed for printing thin and continuous films. 
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3.5.2. Contact angle and surface energy 

Contact angle (CA) measurements of sessile droplets offer a convenient, 
inexpensive and perhaps the most surface sensitive method for obtaining 
information about a sample (Papers I–IV). CA measurements are 
frequently carried out for indirect measurement of the surface energy of 
the substrates for predicting e.g. adhesion between a substrate and an 
ink. A general rule of thumb is that the surface energy of a solid should 
be at least 7-10 mN/m higher than the surface tension of the ink or the 
coating paste in order for the print/coating quality to be acceptable, e.g. 
with no unwanted dewetting.246 Modern CA instruments utilize a high-
speed camera and a computer for analyzing the shapes and contact 
angles of the droplets. Several assumptions are made when the CA 
values are used for determining the surface energy of the solid samples. 
For example, it is assumed that the droplet spreads symmetrically in all 
directions and that only gravity and interfacial tension are shaping the 
droplet and not for example inertia.247 Young’s equation248 (Eq.3.42), 
that is valid for an ideally flat, horizontal, rigid, chemically 
homogeneous, insoluble and nonreactive surface, may be used to 
express the relationship between the contact angle and the three 
interfacial tensions according to 

 cosLVSLSV   (3.42) 

where  SV is the solid-vapor interfacial tension (surface tension of the 
solid),  SL is the solid–liquid interfacial tension and  LV is the liquid-
vapor interfacial tension (surface tension of the liquid). The interfacial 
tensions shown as vectors in Fig. 3.22 represent the forces that act upon 
the liquid at the three-phase contact line. The Young’s equation states 
that at equilibrium the horizontal forces acting on the opposite directions 
are in balance. 
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Fig. 3.22. The components of interfacial tension between 
solid and a liquid,  SL, between solid and vapor,  SV, and 
between liquid and vapor,  LV.  

In order to solve  SV and furthermore to divide it into a polar and 
dispersive components, Owens, Wendt, Rabel and Kaelble249,250 used the 
equations 3.43-3.44 and 3.45 (similar to the one introduced by Girifalco 
and Good251) and combined them with Young’s equation to get 
equations 3.46-3.47.   
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By taking the LV  as the common factor, the equation can be simplified 
and transformed into a general first order equation (Eq.3.48).  
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By measuring contact angles with at least two liquids with known 
dispersive and polar components and the total surface tension, the 
dispersive and polar components of the solid surface energy can be 
determined. Alternatively, as suggested by Rabel, CA measurements can 
be carried out with several liquids and the slope of the plot y versus x 
gives the square of the surface energy of the solid and the dispersive 
component of the surface energy of the solid is obtained from the square 
of the y-axis intercept. When the polar and dispersive components of a 
given solid are known, a so-called wetting envelope can be created that 
can be used for determining the wetting behaviour of liquids with 
known polar and dispersive components.252 

Wenzel’s model253 was used for taking into account the roughness of the 
substrates on the measured contact angles (Paper II). The Sdr parameter 
values obtained from the AFM topographical measurements were used 
for obtaining the roughness factor, r  











100

S
1 drr  (3.49) 

that is needed for correcting the apparent contact angles for roughness 
by the Wenzel’s equation253,254:  

ra r  coscos   (3.50) 

where θa is the measured equilibrium contact angle and r is the contact 
angle for a smooth surface. The Owens-Wendt method, where the 
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total surface energy (s) is determined as the sum of the polar (s
p) and 

dispersive (s
d) components was used for the surface energy 

determination in Paper II.249 The values of surface tension components 
suggested by van Oss et al. were used for the probe liquids.255,256 
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4. MATERIALS AND METHODS 

4.1. Print substrates 

In Paper I, printing of the planar reaction arrays was demonstrated on 
various commercial substrates with varying barrier properties. Whatman 
Filter paper (cellulose, Grade 1) and Steri-Pak LF indicator test sheets 
were selected for their high permeability and water absorbing 
capacitance; surface sized copy paper (Optitext, Stora Enso, Finland) for 
its low cost, abundance and intermediate water absorbance; a typical 
coated paper, Lumiart (Stora Enso, Finland) for its relatively slow water 
and air permeance; and  a non-wettable and flexible plastic polyethylene 
terephthalate (PET, Mylar®A, Dupont Teijin Films Europe, 
Luxembourg)) film for its excellent barrier properties. 

In Paper II, the planar reaction arrays were exposed to liquid media and 
bacteria culturing for long periods of time and therefore paper substrates 
with good barrier properties were used.S4,S5 Four different types of 
laboratory coated papers including two latex blend coated substrates 
(Latex 1, Latex 2) and two mineral pigment coated substrates 
(Precipitated calcium carbonate (PCC) and Kaolin) were fabricated. A 
basepaper coated with ground calcium carbonate (GCC, 90 g/m2) was 
used as a substrate for all the coated grades. The Latex 1 coating 
consisted of a 2:3 blend of a film-forming styrene acrylate (SA) latex 
with low glass transition temperature (Tg) and a nonfilm-forming high-
Tg polystyrene plastic pigment (particle size 100 – 200 nm). For the 
Latex 2 coating a low-Tg film forming styrene butadiene (SB) latex was 
used, blended with the same high-Tg polystyrene plastic pigment as in 
Latex 1, with a mixing ratio 3:2. The latex coatings were reverse gravure 
coated on the basepaper. In case of the pigment coated papers, a 
smoothing layer was first blade-coated on the basepaper, then a barrier 
coating was coated on top of the smoothing layer and finally a top 
coating was coated on top of the barrier layer. The mineral pigment –
based thin top coatings included 7 pph of styrene butadiene latex as a 



Materials and Methods 

58 

binder and carboxymethyl cellucose (CMC) as a thickener.S5 The latex-
based coatings were IR-sintered for approximately 1 min in order to 
thermally modify the topography to gain a bimodal structure with an 
increased surface area and improved adhesion for biomaterials.S23 The 
pigment-based substrates were calendered at a nip pressure and 
temperature of 50 bars and 70°C and Latex 1 and Latex 2 substrates at 
70 bars and 35°C, respectively. Printed and cured PDMS surfaces and 
traditional 96-well plates made of polystyrene were used as reference 
substrates in the biofilm forming studies.  

In the Papers III–V, a paper substrate coated with kaolin pigments was 
used owing a relatively low roughness and good barrier properties 
against organic and aqueous solvents. Atomically flat mica with an 
evaporated gold layer, polyethylene naphthalate (PEN) and glass 
substrates were used as reference substrates in Papers III, IV and V, 
respectively. 

A polyethylene terephthalate film (PET, Mylar®A, DuPont Teijin 
Films) and recently furher developed coated paper substrates were also 
used as reference substrates and some data is presented in chapter 5. A 
Latex 3 substrate (unpublished) was prepared by applying the same 
coating recipe that was used for Latex 2 on a PCC coated paper using 
either a K Control Coater (RK Print-coat Instrument Ltd, UK) with a 
coating rod 16M and coating speed 3 m/s or a reverse gravure coater. A 
multilayer curtain coated (MLCC) paper substrate was manufactured at 
Metso’s Pilot machine (OptiCoater, Järvenpää, Finland).S12,257,S22 The top 
coating layer (5 g/m2) consisted of Basonal 2020.5 (6 pph, BASF, GER) 
styrene-butadiene latex, Barrisurf FX (70 pph, Imerys Minerals Ltd, 
UK) and Alphatex (30 pph, Imerys Minerals Ltd, UK) kaolin pigments. 
A synthetic thickener (HPV 56, DOW, CH) was used to adjust the 
viscosity to 350 mPa·s and a surfactant, Lumiten I-SC (Basf, GER), to 
adjust the surface tension to 37 mN/m. The barrier layer (10 g/m2) 
consisted of Barrisuft HX (Imerys Minerals Ltd, UK) kaolin pigments 
blended with Aquaseal 2077 (50 pph, Paramelt B.V., NL) ethylene 
acrylic latex. Carboxymethyl cellulose (Finnfix 10, CPKelco) was used 
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to adjust the viscosity to 350 mPa·s and Lumiten I-SC (Basf, GER) to 
adjust the surface tension to 35.8 mN/m. Lumipress (115 g/m2, Stora 
Enso) was used as the base paper. 

4.2. Ink formulations 

The flexographically printed PDMS-based ink used in Papers I, II, III 
and V, consisted of a 100:2.5:1 wt% blend of vinyl-substituted 
polydimethylsiloxane (Dehesive®920): Catalyst OL: crosslinker V24 
(Wacker Chemie). The crosslinker-component (e.g. 0.5 g) was first 
slowly added into Dehesive®920 (20 g) and then mixed for 5 min at 
room temperature. Next 0.2 g of the catalyst-component was slowly 
added to the mixture and the ink was further stirred for 10 min. 
Crosslinking was completed by heating (Fig. 4.1) either in an oven or by 
IR treatment approximately 10 s.  

 
Fig. 4.1. Crosslinking of the PDMS ink. 258
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In Papers I and III, the PDMS ink was modified to be suitable for 
inkjet printing by diluting the Dehesive®920 component (dynamic 
viscosity: 500 mPa·s259) with xylene (mixture of isomers) 
(Dehesive®920: Xylene, 2:3 vol.).  

The enzymatic ink used in Paper I consisted of polyvinyl alcohol (PVA, 
Mowiol® 10-89), starch, potassium iodide (KI), molybdic acid and 
glucose oxidase (GOx). Viscosity of an aqueous PVA solution (4%) at 
20°C is 9-11 mPa·s260 making the ink suitable for screen printing. Also 
the activity of e.g. a laccase enzyme has been shown to be well 
maintained in (PVA).261 

The thiol-capped gold nanoparticles (size 3-5 nm) that were used to 
prepare the AuNP-based ink (Papers III–V) were obtained from the 
University of Helsinki.S11 The particles were synthesized following the 
procedure reported by Hostetler et al.262 The AuNPs (15 wt.%) were 
dispersed in xylene (mixture of isomers) with a boiling point of ~ 
140°C, viscosity of <1 mPa·s and surface tension of ~ 30 mN/m.  

In Papers IV and V, a commercial silver nanoparticle (AgNP) ink was 
used (SunTronic U5603, 20 wt.%). The particle size of the AgNPs was 
30–50 nm and they were dispersed in ethylene glycol/ethanol/glycerol 
solution. Unpublished printing tests were carried out with SunTronic Jet 
silver U5714 (40 wt.%). 

4.3. Surface Characterization Methods 

4.3.1. Atomic Force Microscopy (AFM)  

Atomic Force Microscope was patented and introduced in 1986 by 
Binnig et al.263,264 The significant advantage of AFM compared to its 
forerunner scanning tunneling microscope (STM)265 is that with AFM 
various kinds of samples can be imaged, unlike with the STM, the 
drawback of which was the limitation to analysis of only conducting or 
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semiconducting samples. STM and AFM belong to the family of 
scanning probe microscopes (SPM) that create an image of a surface by 
using a physical probe that scans the sample.  

Fig. 4.2. shows a schematic representation of the components and the 
working principle of an AFM. Typically a sharp needle-like tip that is 
attached to a cantilever is set to oscillate using a piezocrystal in the 
cantilever holder. While the tip is oscillating and probing the surface the 
sample is accurately moved by a piezoelectric scanner in x, y and z 
directions. Interaction forces (repulsive/attractive) between the tip and 
the sample tend to bend the cantilever, and also change the amplitude 
and phase angle of the oscillation. These changes are used to provide 
information about the surface. The cantilever deflection can be 
monitored by focusing a laser at the end of the cantilever from where it 
is reflected to a photodiode. With a help of a feedback loop between the 
piezoelectric scanner and the photodiode, the oscillation amplitude can 
be kept constant during scanning by adjusting the sample position in z-
direction. The position of the piezoelectric scanner is recorded typically 
512 or 1024 times during each scan sweep to provide the topographic 
data. The changes in the phase angle (difference between the oscillation 
of input and response signal) at different positions of the sample give 
information about the local compositional variations e.g. in adhesion 
and viscoelasticity of heterogeneous samples.266 This mode was used in 
Papers I–V. 
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Fig. 4.2. The principle of an AFM instrument. 

The imaging mode measuring surface potential (SP) was used in Papers 
III and IV. The method is a combined two-pass technique. The 
topography is measured using TappingMode and this topographical 
information is used for tracking the probe at a constant height (ca. 20 
nm) above the surface during the surface potential measurement. As the 
tip travels above the surface it experiences a force whenever there is a 
potential difference between the tip and the sample. The voltage applied 
to the tip is adjusted so that the sample and the tip have the same 
potential. A surface potential map for a sample is obtained by plotting 
the voltage applied to the tip during the x-y scanning.    

The number of different SPM modes has increased during the years. 
One of the most recent innovations is the PeakForce QNMTM 

(quantitative nanomechanical mapping) that is mapping the material 
properties (modulus, dissipation and deformation) and adhesion between 
the tip and the sample at high resolution simultaneously with the 
topography of the surface.267,268 The mode is based on measuring force 
curves at a non-resonant mode, typically with a frequence of 2 kHz. The 
novelty of this mode is that the z-position is not modulated by a 

Computer 
Controller 
Feedback loop 
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triangular wave like in conventional force curve measurements but with 
a sine wave. Since force curves are measured and analysed at each point, 
the force is accurately controlled which protects the tip and the sample 
from damage. A Nanoscope V AFM (Multimode TM series, Digital 
Instruments, Veeco Metrology Group, Santa Barbara, CA) was used for 
the SP and PeakForce QNMTM measurements and Ntegra Prima (NT-
MDT, Russia) for topographical and phase measurements. The 
experimental details are given in Papers I–V. 

4.3.2. X-ray photoelectron spectroscopy (XPS) 

XPS is a surface characterization method where the sample is irradiated 
with a well defined beam of x-rays (photons).269 The collisions between 
the photons and the electrons in the sample result in electrons being 
emitted from the sample with a specific kinetic energy depending on the 
binding energy of the electrons. The binding energies vary according to 
the element in question and the neighboring chemical bonds. Thereby 
information about the chemical composition of the sample can be 
obtained. The binding energies are calculated using equation 4.1  

sEhE   kineticbinding  (4.1) 

where h is the photon energy (for aluminium x-ray source 1486.6 eV), 
Ekin is the kinetic energy of the emitted electrons and s is the 
spectrometer work function. 

Although the x-ray photons penetrate relatively deep inside the sample, 
the probability of the electron emission decreases fast as a function of 
depth making the technique fairly surface sensitive. The detected 
photoelectrons come from the top 10 nm.269 The XPS measurements for 
this thesis (Papers III and IV) were carried out using a PHI Quantum 
2000 scanning spectrometer.  
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4.3.3. Contact angle measurements 

The contact angle measurements were carried out using a CAM 200 
contact angle goniometer (KSV instrumetns Ltd., Helsinki, Finland). 
Usually a drop of 1-3 µL was gently deposited on the sample surface 
and the contact angle was measured as a function of time. The measured 
equilibrium contact angle values were obtained at the point where the 
diameter of the drop in contact with the surface, contact angle and drop 
volume remained constant. 

4.4. Printing and Coating Techniques 

4.4.1. Inkjet printing  

Inkjet printing in this thesis (Papers I, III, IV and V) was carried out 
using a piezoelectric drop-on-demand Dimatix™ Materials Printer 
(DMP-2800, FUJIFILM Dimatix, Inc. Santa Clara, USA). A replaceable 
cartridge (DMC-11610) with a 10 pL nominal drop volume was used. A 
firing voltage of 27 V and 18 V was used for printing of the gold and 
silver inks, respectively. A custom waveform and a firing frequency of 2 
kHz were used to ensure reproducible droplet formation. The print 
patterns were designed by the Dimatix Drop Manager pattern generator 
software supplied together with the printer when images consisting of 
simple block patterns were printed with a constant and standard drop 
spacing (DS) value (e.g. DS 5, 10, 15, 20, 25, 30, 35 or 40 µm). 
Equation 4.2 gives the number of dots in a simple rectangle print pattern  







 





  1

DS

Y
1

DS

X
dots ofNumber  (4.2) 

where X and Y are the dimensions of the printed rectangle and DS is the 
drop spacing.  
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Fig. 4.3 presents the number of dots as a function of DS when X = Y = 
1000 µm. The difference in the printed ink amount for example between 
the two lowest standard DS values (5 µm and 10 µm) is relatively high.  
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Fig. 4.3. Dot patterns and the number of printed drops as a 
function of DS for a print design pattern with an area of 1 
mm2. Also shown is a photograph of the silver squares 
printed with different DS values and specific patterns. 

Microsoft Paint and the Gnu Image Manipulation Program (GIMP) were 
used for creating print patterns with intermediate ink amounts (some 
examples are shown in colour, Fig. 4.3.) allowing fine tuning of the 
amount of the printed ink. Also when round patterns or areas with 
varying drop spacings were printed simultaneously (Paper III), 
Microsoft Paint or GIMP programs were found to be convenient for 
designing the patterns. The digital photograph inset (Fig. 4.3) shows that 
the print quality of all the squares at the bottom row (V, H1, H2, H3 
patterns) appears optically rather homogeneous when comparing to the 
patterns printed with the standard DS values. The H2 pattern appears 
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slightly lighter than DS35 and H3 slightly lighter than DS 40, although 
the ink amounts used in the hexagonally printed areas were lower.      

4.4.2. Flexographic printing 

The flexographic printing jobs were carried out with a laboratory scale 
printability tester (IGT Global Standard Tester 2, IGT Testing Systems, 
The Netherlands) (Fig. 3.16) at a temperature of 23 °C and relative 
humidity (RH) of 50%. An anilox roll with a cell angle of 45°, cell 
volume of 20 mL/m2 and a line count of 40 l/cm was used. The 
patterned photopolymer printing plates (Ohkaflex, thickness 1.7 mm) 
were purchased from Espoon Painolaatta, Finland. The following 
printing parameters were used: printing speed: 0.5 m/s, pressure 
between the anilox roll and the printing plate: 100 N, pressure between 
the printing plate and substrate: 50 N. In addition, a demonstration of 
roll-to-roll manufacturing of the printed planar reaction arrays (Paper I) 
was carried out by a custom build hybrid printer270,271 using a Ohkaflex 
photopolymer printing plate, an anilox with a cell volume of 30 mL/m2 
and a printing speed of approximately 7 m/min.  

4.4.3. Screen printing 

Screen printing in Paper I was carried out by using a TIC SCF-260B 
screen printer (Technical Industrial Co. Ltd., Hong Kong) equipped with 
a 380 Mesh screen fabric (Sefar PET 1500 150/380-34, Sefar, 
Switzerland). The nominal thread diameter in the plain weave was 34 
µm, mesh opening 23 µm, mesh thickness 55 µm and theoretical ink 
volume 6.7 mL/m2. Printing settings were precision adjusted using 
vernier calipers and the horizontal average sweep rate of the squeegee 
was 200 mm/s. 
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4.4.4. Reverse gravure coating 

Reverse gravure coatings were carried out either by a commercial 
MiniLabo coater (Yasui Seiki Co., Japan) or a custom-build reverse 
gravure unit in a custom-built roll-to-roll hybrid printer.272  

4.4.5. Thiolation of the electrodes 

Self-assembled monolayer experiments in Papers III–V were 
conducted using 1-octadecanethiol (ODT, Fluka Chemica). Prior to the 
thiolation, the gold electrodes were cleaned with air plasma flow (PDC-
326), Harrick) for 2 min, rinsed with acetone and absolute ethanol and 
dried with nitrogen gas. The silver electrodes were cleaned by rinsing 
with absolute ethanol and acetone. The SAMs were formed by exposing 
the electrodes to a solution containing 5 mM of ODT in ethanol for 0.5–
2 h at room temperature. After the thiolation the electrodes were rinsed 
with absolute ethanol and dried with nitrogen gas.    

4.5. IR sintering  

An IR drier consisting of three 30 cm long 2 kW strip light bulbs (IRT 
systems, Hedson Technologies AB, Sweden) was used for the offline 
sintering of the silver and gold electrodes, curing of the PDMS ink and 
for the thermal modification of the Latex-based samples. The online 
curing of the PDMS ink was done using two 500 W infrared sintering 
units (HQE500, Ceramicx, IRL). 

4.6. Biofilm formation and CFU counts 

In Paper II, the paper substrates patterned with PDMS were used as 
substrates for biofilm formation studies using Staphylococcus aureus 
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(ATCC 25923) as the model biofilm-forming bacteria. First the bacteria 
were cultured in Tryptic Soy Broth (TSB) under aerobic conditions at 
37°C and 200 rpm. The paper platforms with four wells were then 
placed into plastic 6-well plates and 5 mL of bacterial suspension with a 
concentration of colony forming units (CFU) of 106 CFU/mL was 
added. The biofilms were allowed to form for 18 h. To quantify the 
susceptibility of the different paper substrates to biofilm formation, the 
cells were scraped off the substrates using sterile plastic sticks. The 
bacterial aggregates were then dispersed using an ultrasonic bath and the 
disaggregated biofilms were serially diluted, spread onto Tryptic Soy 
Agar (TSA) plates and incubated at 37°C overnight. Viable bacterial cell 
densities were quantified and expressed as CFU/cm2. 

4.7.  Electrochemical analysis equipments 

4.7.1. Voltammetric measurements 

In order to evaluate the performance of the paper-based platforms with 
inkjet-printed golden working and counter electrodes and an Ag/AgCl 
quasi reference electrode, cyclic voltammetry (CV) experiments were 
performed. An Autolab General Purpose Electrochemical system 
(AUT20.FRA2-Autolab and AUT30.FRA2-Autolab, Eco Chemie, B.V., 
the Netherlands) was used. Potassium ferri(III)cyanide/ferro(II)cyanide 
(K3/K4[Fe(CN)6]) solution in 0.1 M KCl was used as a model analyte 
solution while verifying the performance of the printed paper-based 
electrochemical platforms. Five CV cycles with a potential range 
between −0.3 and 0.6 V (vs. Ag/AgCl reference electrode) were 
recorded at different scan rates (20–500 mV/s) and analyte 
concentrations in unstirred conditions with an analyte volume of 
approximately 0.1–0.5 mL. The magnitudes of the anodic and cathodic 
peak currents during the fifth cycle were analyzed by the GPES software 
supplied with the Autolab instrument. Corresponding measurements 
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were carried out in a conventional electrochemical cell where the WE 
was a gold disk (AWE = 1.936 mm2), the counter electrode was a glassy 
carbon rod and the reference was either a commercial Ag/AgCl/3 M 
KCl reference electrode (Metrohm) or a disk-shaped Ag/AgCl quasi-
reference electrode. The electropolymerization of aniline was carried out 
by cycling the potential between −0.2 and +0.7 V (vs. Ag/AgCl) at a 
scan rate of 50 mV/s in an acidic aqueous solution containing 0.1 M 
freshly distilled aniline monomer and 0.5 M HCl.  

4.7.2. Potentiometry 

Potentiometric pH measurements were done with a Lawson EMF16 
Interface potentiometer (Lawson Labs, Inc.) (Paper V).  

4.7.3. Electrical Resistance Measurements 

A Keithley 2100 Digital Multimeter (Keithley Instruments Inc., 
Cleveland, USA) was used for measuring the resistance (R) of the 
printed electrodes and for determining the electrical resistivity () of the 
printed materials (Eq.4.3) (Paper III).  









L

Wd
R  (4.3) 

In equation 4.3  is the resistivity [m], W is the width [m], d is the 
thickness [m] and L is the length [m] of the printed line. 

4.7.4. Electrochemical Impedance Spectroscopy Measurements 

Impedance measurements in Paper IV were carried out using a Gamry 
600 impedance spectrometer. A buffer solution (pH 7.4) was used as the 
electrolyte solution and the frequency range during the measurements 
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was from 1 MHz to 1Hz. The amplitude of the ac-signal was 20 mV and 
the dc-potential was 100 mV. The capacitance value that was 
automatically calculated by the analyzing software (Eq.4.4) was plotted 
as a function of frequency and used for demonstrating the influence of 
the insulating SAM. 
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  (4.4) 

Impedance measurements in Paper V were carried out using the 
Autolab instrument. 0.1 M KCl was used as the electrolyte solution and 
the frequency range during the measurements was from 10 kHz to 0.01 
Hz. The amplitude of the ac-signal was 10 mV. The dc-potential of the 
EIS measurements corresponded +0.2 V vs. Ag/AgCl/3 M KCl.  
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5. RESULTS AND DISCUSSION 

The main results of the thesis are presented in the Papers I–V and this 
chapter is a summary of them. In addition, extended analysis and 
unpublished supporting results are presented. 

5.1. Properties of the print substrates  

The apparent contact angles, Sdr values of the substrates and roughness 
corrected contact angle values of the probe liquids are listed in Table 3. 
The polar and dispersive surface energy components and the total 
surface energy of the print and reference substrates are also included in 
Table 3 (Paper II). The main differences in the surface energies 
between these paper substrates arise from the differencies in the polar 
component values. Generally, a high amount of polar substances with 
dipole moments such as hydroxyl (-OH) groups gives rise to a high 
polar component value. Good examples of substances with high polar 
components are cellulose and hydroxy-terminated SAMs (e.g. 4´-
hydroxy-4-mer- captobiphenyl with a surface energy of ~67 mN/m273). 
Also kaolinite (Al2(Si2O5)(OH)4)  and calcite (CaCO3) minerals that are 
used in the paper coatings have high surface energies and polar 
component values. The dispersive and polar surface energy components 
calculated for pure kaolinite are 67.6 mN/m and 103.4 mN/m, 
respectively.274 The d value for calcium carbonate has been reported to 
be 103.3 mN/m275 and the total surface energy 200 mN/m276. In practice 
the pigments are treated with dispersing agents, e.g. sodium polyacrylate 
(NaPA), to facilitate more stable dispersions and lower viscosity in the 
coating pastes.277 For example the surface treatment of calcium 
carbonate with stearic acid (CH3(CH2)16CO2H, 90% coverage) has been 
shown to lower the dispersive surface energy component to a value of 
approximately 29 mN/m, which is between the values that are observed 
for surfaces that are composed of alkyl chains: CH2: 35 mN/m; CH3: 24 
mN/m.275  
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Taking into account that the pigment coated papers also include SB 
latex which at least partly covers the pigmentsS9, the lower surface 
energy values obtained for the pigment coated papers compared to pure 
pigments are reasonable. Information about the possible additives, e.g. 
surfactants that the commercial latex suspensions may contain was not 
available. The Wenzel’s model (Eq.3.50) yields quite nicely similar 
roughness corrected contact angle values and surface energy values for 
the MLCC samples calendered two and three times although the 
apparent contact angle values vary quite much. This shows that 
substrates with similar chemistry may have rather different wetting 
properties purely arising from different roughness. For MLCC2x the 
difference between the apparent and the roughness-corrected contact 
angle for water is as large as 25 degrees. Further calendering decreases 
the difference to 17 degrees (sample MLCC3x), which is logical due to 
decreased roughness. 

Table 3. Apparent contact angles, Sdr values of the substrates and roughness 
corrected contact angle values of the probe liquids, polar and dispersive 
surface energy components and the total surface energy of each print and 
reference substrate. 

 
Apparent contact angles Roughness corrected 

contact angles 

Substrate  H2O  
[°] 

DIM 
[°] 

EG  
[°] 

Sdr 
[%] 

H2O 
[°] 

DIM 
[°] 

EG  
[°]  

PCC 93 ± 3 30 ± 1 30 ± 2 42.0 92  52  52  
Kaolin 56 ± 2 36 ± 1 34 ± 1 25.0 64  50  48  
Latex 1 84 ± 1 52 ± 1 73 ± 1 1.6 84 52  73  
Latex 2 72 ± 3 41 ± 2 55 ± 2 10.0 74 47 59  
MLCC2x  15 54.5 16.5 25.6 40 62 40 
MLCC3x

 25[257] 57[257] 29[257] 22.7 42 63 45 
PET 84[S5] 31[S5] 54[S5] 0.8 84 32 55 
96-well Plate 80 ± 1 37 ± 2 53 ± 2 0.3 80  37  53  
PDMS  114 ±1 92 ± 2 96 ± 1 0.1 114  92  96  
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Surface energy components and the total surface energy

Substrate  p 

[mN/m]
d 

[mN/ m]
tot 

[mN/m]
   

PCC  1.4 34.7 36.1    
Kaolin  12.2 29.9 42.1    
Latex 1  3.4 27.8 31.2    
Latex 2  6.6 31.3 37.9    
MLCC2x  30.9 21.3 52.2    
MLCC3x  29.6 20.6 50.2    
PET  1.7 40.8 42.5    
96-well Plate  3.2 38.2 41.4    
PDMS  0.6 11.7 12.3    
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Fig. 5.1. AFM topographical images of the studied Coated 
papers and reference substrates (MOD. from Paper II). 
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Fig. 5.1 shows typical small scale (5 µm × 5 µm) AFM topographical 
images of the coated paper substrates and the reference substrates used 
in this thesis. The pigment-based coatings are clearly the roughest 
among the studied samples with the highest z-range and Sdr values 
(Table 3). The topograph of the MLCC2x sample represents the surface 
after being calendered twice. The pigment-based surfaces consist of 
randomly oriented rod-like PCC pigment particles or platy Kaolin 
pigments bound together by the SB latex.S9  

The IR-treated latex-based surfaces consist of flat top areas abruptly 
interrupted by grooves and recesses. The result is a quite column-like 
surface morphology, especially in case of Latex 2. The structured 
morphology is a result of deformation and local coalescence of phase 
separated hard polystyrene particles within the film forming SB layer.278 

The nonporous plastic PET sheet appears otherwise smooth, but it 
contains relatively high surface peakedness. The surface texture of the 
96-well plate is generated by the molding process. The PDMS surface is 
clearly the smoothest with no apparent surface features. 

Fig. 5.2 shows the Sq vs Ta graphs for the coated paper samples and 
reference substrates calculated from the topographical images. The data 
calculated for the copy paper is not included because the values were 
well beyond the y-scale of Fig. 5.2 (from 299 nm up to 1156 nm). The 
samples with a pigment coating (Kaolin, PCC and Lumiart) are 
considerably rougher at short wavelength values compared to the other 
samples. The maximal image size of 100 µm × 100 µm obtained with 
the AFM is not quite large enough to show whether the curves are about 
to reach a saturation value (length scale-independent roughness). Such 
saturation was observed for the PET substrate and the polystyrene 96-
well plate, whereas a considerable increase in the Sq value at longer 
length scale values was observed for the Latex 1 and 2 samples. 
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Fig. 5.2. Sq vs. Ta curves calculated from large scale AFM 
topographical images (100 µm × 100 µm) of coated papers 
and reference substrates. 

The curves for Latex 1 and Latex 2 appear to show an intersection point 
(around correlation lengt values Ta = 5.5 µm and Ta = 9 µm, 
respectively). The Sq value at the intersection point (denoted as sl, max in 
S14) has been considered as a good approximation for the maximum 
roughness of the short length scale features and has been shown to 
correlate linearly with the resistance of printed wires, i.e. the smaller the 
sl, max value, the smaller the resistance.S9 The macro-roughness at the 
long length scale values for the Latex 1 and 2 samples is most probably 
arising from the roughness of the basepaper. This is because the Sq vs Ta 
curves calculated for the Latex 2 and 3 samples with the same coating 
on different basepapers are rather similar at the short Ta values, but at 
longer length scales the Sq for the Latex 2 sample increases much more 
rapidly compared to the Latex 3 sample.  

The optical micrographs (Fig. 5.3.) reveal the same thing, i.e. the Latex 
3 sample appears really smooth whereas Latex 2 appears to have 
waviness in the structure.  
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Fig. 5.3. Optical migrographs of Latex 2 and Latex 3 
samples. 
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Fig. 5.4 Str37 vs Ta curves calculated from large scale AFM 
topographical images (100 µm × 100 µm).  

Fig. 5.4 shows the Str37 vs Ta graph (calculated from the 100 µm ×100 
µm topographical images). The Lumiart, Latex 2 and Latex 3 samples 
remain commendably close or above the Str37 level of 0.7 meaning that 
the degree of isotropy is high on a broad range of correlation length 
scale values.279 On the other hand, the laboratory scale pigment coated 
PCC and Kaolin samples that were calendered with a higher nip 
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pressure than the Latex-based coatings contain stripes from the 
calendering process and therefore have rather low Str37 values and can be 
considered to be anisotropic. The steps formed on the calendering 
process are not very well defined or sharp, but at some locations are 
however relatively high, suggesting that they might cause a pinning of 
an advancing ink-surface contact line that has been shown to be 
considerable for steps 60 nm280 in height. Fig. 5.5 shows an example of 
the influence of calendering on the Sq and Str37 of a pigment coated 
sample (MLCC) fabricated by a curtain coating process.S12,257 The first 
calendering significantly lowered the Sq roughness, especially at the 
longer correlation length values (Fig. 5.5.a). The second calendering 
further lowered the roughness, and the third calendering resulted in 
nearly a constant Sq value at the larger Ta values. Fig. 5.5b shows that 
the 0-2 times calendered samples can be considered to be isotropic at all 
length scales whereas the 3 times calendered substrate shows anisotropy 
at the longer length scale values. However, at small length scales 
roughness seems to be independent on the calendering because the Str37 
values remain high in all cases.  

According to ab initio calculations the electrical conductivity of thin 
copper films was dramatically reduced already by atomic clusters, 1-3 
atoms high.281 As the smoothest and best conducting films are expected 
to form on flat substrates, solely from the roughness point of view e.g. 
the calandered substrates are expected to yield better conductivities than 
the uncalendered. Indeed, the resistance of printed wires and the line 
raggedness has been shown to decrease as a function of the calendering 
times of the MLCC paper substrate.257 The same trend was observed 
with various other coated papers.S14  
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Fig. 5.5. Effect of calendering on the a) Sq roughness and b) 
Str37 isotropy of a curtain coated paper (MLCC). The Sq vs Ta 
curves are compiled from 5 µm × 5 µm, 20 µm × 20 µm and 
100 µm × 100 µm topographs and Str37 vs Ta curves from 100 
µm × 100 µm topographs. 
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5.2. Characterization of the print quality 

5.2.1. Inkjet-printed silver and gold dots 

An illustrative way to study the nanoscale effects of substrate roughness, 
porosity and chemistry on ink-surface interaction is to print individual 
dots and study their spreading and appearance (Fig. 5.6. and Fig. 
5.7.).282,S6 This enables also the estimation of a drop spacing value 
needed for achieving a thin but continuous ink film with the given fluid. 
Such critical drop spacing value is considerably different when printing 
e.g. a silver ink for example on a mica or a PET substrate with quite 
different surface properties. 

 

Fig. 5.6. Optical micrographs of printed Ag dots (wt. 40%, 
DS 150 µm) on different samples: a) Mica, b) PET, c) Latex 
2, d) PCC and e) UVC treated PCC sample. The scale bar is 
100 µm. 

 

 

Fig. 5.7. AFM images of inkjet-printed Ag dots (wt.% 40) on 
a) Mica (Ag dot diameter, d = 110 µm), b) PET (d = 48.6 ± 
0.4 µm), c) Latex 2 (d = 43.0 ± 1.0 µm), d) PCC (d = 51.7 ± 
3.9 µm) and e) UVC treated PCC (d = 57.5 ± 3.6 µm).  
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On the atomically flat mica substrate with a high surface energy the 
printed dots are perfectly spherical and have a large diameter (Fig. 5.6.a 
and Fig. 5.7.a). On the contrary, the dots are much smaller on PET (Fig. 
5.6.b and Fig. 5.7.b) and Latex 2 (Fig. 5.6.c and Fig. 5.7.c) representing 
samples with clearly lower a surface energy. By looking at the dots on 
the PCC coated samples (Fig. 5.6.d and 5.6.e) it can be concluded that 
the influence of the calendering lines on the dot shape doesn’t seem to 
be large. However, in several dots some indication of a pinned contact 
line can be observed.  

A UVC treatment of pigment coated samples has been shown to 
enhance wetting by making the substrates more polar without affecting 
the surface topography.S6 The AFM topographical images (Fig. 5.7.d 
and 5.7.e.) reveal that in addition to the larger spreading of the ink on 
the UVC-treated sample the coffee ring formation is also slightly less 
pronounced. The dots were printed at once onto all the substrates. The 
form of the individual silver ink dots on Latex 2 sample was comparable 
to those on a PET film and more homogeneous than on the pigment 
coated papers where coffee ring formation was observed especially on 
the untreated PCC sample.  

In case of the gold ink, the AFM topographical and phase images of 
individual dots on Latex 2 (Fig. 5.8.a-b) and Kaolin substrates (Fig. 
5.8.c-f), reveal the more uniform ink coverage on the Kaolin sample. 
Considering that the diameters of the dots are of the same order (Fig. 
5.8), one reason for the worse print quality on the Latex 2 sample might 
be the influence of the organic solvent on the structure of the Latex 2 
coating as xylene dissolves latex and leads in a more irregular film (Fig. 
5.9.).  
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Fig. 5.8. AFM topographical (a, c, e) and phase (b, d, f) 
images of inkjet-printed Au dot on Latex 2 (a, b) and Kaolin 
(c-f) substrates (Figure modified from Paper III). 

   

 

Fig. 5.9. AFM image of Latex 2 coating a) before and b) 
after exposure to xylene. 
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5.2.2. Inkjet-printed silver and gold electrodes and IR sintering 

The inkjet-printed electrodes were made conducting by an IR treatment 
that vaporizes the solvent and burns away the organic 
material/stabilizing thiol layer surrounding the nanoparticles. The IR 
sintering process was efficient enough for melting the small AuNPs thus 
causing a phase transition from amorphous gold to crystalline gold (Fig. 
5.10) indicated by the clear increase of the diffraction peak intensities 
(111) and (200) after IR-sintering. The required sintering time for the 
gold electrodes was approximately 5–15 s. The sintering resulted in a 
colour change from blackish to golden yellow. For the silver electrodes, 
the rather similar sintering kinetics on the Latex 2 and Kaolin-coated 
substrates is demonstrated in Fig. 5.11. 

 

Fig. 5.10 Characterization of the gold electrodes by x-ray 
diffraction (XRD). The clear increase of the intensities of the 
diffraction peaks (111) and (200) as a result of IR-sintering 
indicates a phase transition from amorphous gold to 
crystalline gold. The diffraction patterns were collected with 
a Bruker-AXS D8 Discovery equipped with a HI-STAR 2D-
detector.283 
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Fig. 5.11. The resistance of the inkjet-printed silver lines as a 
function of IR-sintering time on two different paper 
substrates. 

Fig. 5.12a and Fig. 5.12b show digital photographs of IR sintered inkjet-
printed interdigitated silver and gold electrodes on Kaolin coated paper. 
Fig. 5.12c-e show the test patterns that were used for resistance and 
resistivity measurements. Table 4 shows the line widths and resistance 
values obtained for the silver test patterns using different DS values for 
two different substrates. On the smoother MLCC3x substrate a clearly 
lower ink amount was required for achieving well conducting lines. The 
structures printed with DS 20 µm contained lines that were connected to 
each other also from the middle (Fig.5.12c) indicating a higher risk for 
short circuit. Small distances between the interdigitated electrodes are 
used e.g. in gas sensorsS12,S13,S17,S18 and between the source and drain 
electrodes in transistorsS14. Also the edges were not as straight and 
precise (Fig.5.12c) when compared to the structures printed with larger 
DS values (Fig.5.12d). Therefore the printed silver electrodes with a 
small gap in Paper IV, were printed using a DS value of 25 µm. The 
conductivity of larger areas was not as sensitive to small local defects as 
the thin lines. However, when the inkjet-printed silver electrodes in 
Paper V were used to form the base for the quasi reference electrodes, 
the critical issue was the high enough thickness of the electrodes, since 
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part of the silver was consumed when the Ag/AgCl quasi reference 
electrode was fabricated by electrolysis. Therefore a DS value of 20 µm 
was used.  

a b

c                              d                               e
 

Fig. 5.12. Digital photographs of inkjet-printed interdigitated 
a) silver and b) gold electrodes and test patterns printed with 
c) silver, DS 20 µm, d) silver, DS 30 µm and e) gold, DS 30 
µm.  

 

Table 4. The effect of DS on line width and resistance of a test pattern 
printed with AgNP ink (wt.40%) on Kaolin coated paper and MLCC3x paper. 

Substrate DS 
[µm] 

Line width  
[µm] 

Resistance 
 [] 

Kaolin 40 55 ± 5 OVLD 
 30 61 ± 5 2360000 ± 2130000 
 25 68 ± 6 52 ± 22 
 20 78 ± 6 10 ± 3 
MLCC3x 40 51 ± 3 19.6 ± 3 

 30 57 ± 4 11.5 ± 2.3  
 25 63 ± 5 7.9 ± 0.5  

Since the inkjet-printed gold electrodes were also used as substrates for 
self-assembly of thiol films, it was critical that the electrode surface was 
as smooth as possible. The effect of DS and the sintering method on the 
roughness of the gold films was studied by characterizing the prints by 
AFM and by calculating the Sq vs T curves (Fig. 5.13). The printed gold 
layer had a smaller roughness at all length scales compared to the 
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unprinted substrate. The unsintered (dried in air) gold print was clearly 
the smoothest. Rapid evaporation of xylene, burning of the thiols and 
annealing of the gold particles during IR-treatment increased the 
roughness of the films. Although conducting films were obtained even 
with a DS of 45 µm the roughness of the thin film was nearly as high as 
that of the unprinted paper substrate. Films that were made conducting 
by annealing in an oven were slightly smoother than the IR-sintered 
films, but the process was much slower and lead to brownish paper 
substrates. Therefore IR-sintering was preferred. DS 30 µm was found 
to provide an optimal amount of ink for obtaining a thick enough layer 
(>200 nm) that covers the pigment particles forming a smooth film.  
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Fig. 5.13. Sq vs Ta curves for the unprinted Kaolin sample 
and various gold and silver prints (calculated from 20 µm × 
20 µm topographs). 

Fig. 5.14 shows AFM topographical images (isometric view) of the 
Kaolin substrate and the gold film (DS 30 µm) scanned at the same spot 
before and after IR treatment. Also by visual observation, the films 
printed with DS 30 µm appeared to be the smoothest. The cracking 
tendency was observed to increase when the drop spacing was decreased 
i.e. when the thickness of the film increased (Paper III). The 
divergencies in the thermal expansion and thermal conductivity between 
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the gold film and the substrate are reasons for the generated defects 
during cooling of the sintered films.284   

 
 

Fig. 5.14. AFM topographical images and corresponding line 
profiles of the Kaolin coated paper substrate, the nonsintered 
gold film and the IR-sintered gold film (Image modified from 
Supporting Information, Paper III).  

The resistivity (was obtained by measuring the thickness (d), line 
width (W) (multiplied with the number of line(s) in the test pattern) and 
the length, (L) of the fingers and by inserting the values together with 
the resistance into equation 4.3. The obtained resistivity for silver was 
2.6 × 10-7 m and for gold 1.6 × 10-7 m (Paper III). The resistivity 
values are based on the thickness of the metal films measured by AFM. 

The resistivity of 1.6 × 10-7 m was comparable to the previously 
reported values for gold tracks on a glass substrate285. However, the bulk 
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resistivity of silver and gold at 20°C is somewhat lower, 1.59 × 10-8 
m286 and 2.44 × 10-8 m287, respectively. 

Assuming that the printing parameters were optimized, the main reason 
for the lower conductivity obtained for the printed structures compared 
to bulk conductivity has been considered to be the porosity, holes and 
cavities of the film.284 Other factors contributing to the conductivity are 
the properties of the substrate such as permeability of the coating 
structure and roughness.288 Also the amount of organic insulating 
material remaining on the electrode surface after sintering is significant 
according to XPS results (Table 1 in Paper III).  

The melting temperature of both silver289,290 and gold291  nanoparticles is 
dependent on the surface-to-volume ratio and decreasing with 
decreasing particle size, as expected.  

Because the size of the printed silver particles (30–50 nm) is much 
larger than the size of the gold particles (2–5 nm) and therefore the 
melting point higher, the gold nanoparticles are annealing more easily 
during the sintering process and are expected to form a less porous film 
thus also having better barrier properties against liquid penetration. 
AFM topographical measurements carried out for the unsintered and 
sintered films confirm that the printed silver particles appear to remain 
unchanged whereas the gold nanoparticles form approximately 30 nm 
sized crystalline nanoclusters292 that appear being melted together. The 
fact that the Ag nanoparticles pack nicely on the surface and the IR 
sintering has no adverse effect on the topography of the film, the 
roughness of the silver film is lower than that of the IR sintered gold 
film (Fig. 5.13). On the other hand, the porosity of the Ag electrodes is 
higher than that of the gold electrodes which may explain the better 
conductivity of the gold electrodes. Another reason that contributes to 
the better barrier properties of the gold film is the fact that the 
hydrophobic AuNPs are able to penetrate more easily into the top 
coating layer. This is especially well seen when the AuNPs are printed 
on the PCC coated paper (Fig. 5.15.a,b) which is more porous than the 
Kaolin coated paper. When electrodes such as those shown in Fig. 
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5.15.a are IR sintered the purple areas remain purple and unconducting 

S16 and the lighter areas become golden indicating that the purple colour 
corresponds to gold nanoparticles that for the most part have penetrated 
inside the top coating layer. Fig. 5.15.b shows a cross section image of 
the IR sintered inkjet-printed gold electrode on a PCC-coated paper 
substrate.   
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Fig. 5.15. a) A digital photograph of unsintered gold prints 
showing the penetration of the AuNPs (dark purple) inside 
the PCC-based topcoating layer. The intended printed area 
turns lighter in colour after a long drying period. b) A SEM 
image of the cross section of a gold print on PCC. c) A SEM 
image of the cross section of an Ag print on a curtain coated 
paper. The samples for the cross-section analysis were cut 
using a broad ion beam (BIB) technique at Top Analytica Oy 
Ab, Turku.293 

The print quality and conductivity obtained with the AuNP ink is 
especially sensitive to the substrate properties. No conducting gold 
tracks were obtained on the Latex 2 sample although the printed gold 
remained on top of the surface and changed colour in a normal way 
during sintering. Small cracks and discontinuities in the printed gold 
films lead to resistance being high and beyond the measurable range 
(OVLD).  

Neither was conducting gold patterns obtained on commercial paper 
substrates due to the penetration of the gold nanoparticles into the 
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coating structure. The print quality of gold or more specifically the 
adhesion was not optimal on glass either. PET on the other hand could 
not be used due to its poor thermal stability. For the paper substrates 
with a thin and porous topcoating layer of Kaolin or PCC and a barrier 
layer underneath the print quality and adhesion was good. The good 
coverage of the print layer is obviously a result of the small 
nanoparticles being able to slightly penetrate into the top coating layer 
(see inset of Fig. 5.15.b, left and right edge). Furthermore, the printed 
line was mechanically durable as a result of the sintering process. The 
adhesion of the printed gold layer on the pigment coated papers was 
strong enough for withstanding bending and twisting without loss of 
conductivity (Supplementary video, Paper III).  

In contrast to the printing tests performed with the gold ink, it was 
observed that the permeability of the coating structure was not as critical 
for the silver ink. Conductive tracks were obtained since the silver 
particles were relatively large and remained on top of the coating 
structure (Fig. 5.15.c), even on papers without a barrier layer. However, 
it is beneficial if the solvents used in the silver ink can penetrate into the 
coating structure of the paper leaving less organic material on the 
surface to be removed during IR sintering. For example when the same 
test pattern was printed (wt. 20%, DS 20 µm) on a commercial double 
sided coated paper substrate with and without a PDMS barrier layer on 
the backside, the resistance values obtained with the PDMS-free 
substrate (30 ) were considerably lower than those with PDMS on the 
backside (130 . The influence of the backside PDMS coating on the 
spreading/absorption of the inkjet-printed silver droplets is well seen 
when a higher DS value is used (Fig. 5.16.). The droplets remained 
separated in the areas having the backside coated with PDMS (Fig. 
5.16.a). A more continuous film was obtained on that part of the paper 
where no PDMS was coated on the backside (Fig. 5.16.b). Water contact 
angle of the paper substrate with a PDMS backside stabilized to a value 
of approximately 80° being 10-20 degrees higher than that of the 
PDMS-free sample. This demonstrates that PDMS had penetrated 
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throught a double sided pigment coated paper that had no special barrier 
layer.  

  

Fig. 5.16. Inkjet-printed silver pattern (DS 45 µm, 1 mm2) on 
a commercial paper a) with and b) without a flexographically 
printed back side PDMS barrier film (3 layers).  

 

5.2.3. Evaporated ultra thin gold electrodes on Latex 2 

A vacuum evaporation technique was tested for the fabrication of ultra 
thin gold electrodes (<10 nm) on the Latex-based substrates. Fig. 5.17 
shows topography and DMT267 modulus images of the border of the 
evaporated gold film on Latex 2 substrate captured with peak force 
tapping mode AFM268. The left sides of the images correspond to the 
evaporated gold film. The border of the evaporated gold film is clearly 
seen in the images, especially on the DMT modulus image. Small gold 
grains that are typical for an evaporated gold film294 are better discerned 
in the left-hand smaller scale image and they appear to cover both the 
higher and lower parts of the Latex 2 surface. The contrast in Fig. 5.17.b 
changes totally in the middle of the image and affirms that a continuous 
gold film is formed on the Latex 2 coating as can be expected also from 
the low resistivity value ( = 8.15 × 10-8 m obtained for a gold track 
using the nominal thickness of 2 × 10-8 m, width of 1.54 × 10-3 m, length 
of 4.84 × 10-3 m and resistance of 12.8 ).  

a                                       b 
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Fig. 5.17. a) AFM topographical and b) DMT modulus 
images of the border of the evaporated gold film on Latex 2 
sample captured by the peak force tapping mode. The size of 
the high-resolution images are 1 µm × 1 µm. c) height and d) 
DMT modulus profiles drawn along the horizontal white 
lines in a) and b), respectively.  

A good adhesion of the gold film is vital considering the sensing 
applications that are often carried out in liquid environment. Adhesion 
of evaporated gold has been an issue on e.g. SU-8, glass and silica 
substrates and studies have been carried out to improve the adhesion.295 
No adhesion problems were observed with the Latex 2 substrate. 
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5.3. Verification of the printed platforms 

5.3.1. Planar printed microtiter plate  

Fig. 5.18 shows a schematic illustration of the planar reaction arrays 
printed on a coated paper substrate with a barrier against liquid and on a 
highly permeable paper substrate. In the former case the analytes or 
samples in the reaction areas remain separated partly by the PDMS and 
partly by the barrier layer, and in the latter case solely by the 
hydrophobic PDMS. By the choice of the paper substrate and the easily 
changeable print pattern different platforms can be prepared for various 
purposes, e.g. for 2D or 3D bacterial and cell culture.S19,296 

 

Fig. 5.18. Schematic images of the reaction array platforms 
(Paper I). 

The commercial PDMS-based material has been optimized for coating 
paper and other substrates and has a suitably short curing time (10 s, 
150°C). The platforms were fabricated in a simple and fast way by a 
roll-to-roll process with only two process steps i.e. printing and curing 
with IR-lamps, as shown in Paper I. The solventless ink has an oily 
consistency and good flow properties that promotes its penetration into 
permeable substrates and guarantees a smooth film on coated paper with 
adequate barrier properties and absence of large pores such as on 
uncoated copy paper for instance. Furthermore the material is relatively 
inexpensive and does not exhibit any ecotoxicological problems.259 
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Example photographs of the printed PDMS ink on coated and uncoated 
substrate are shown in Fig. 5.19.  

 

Fig. 5.19. Digital photographs of the PDMS prints a) 
flexographically printed on Latex 3 and b) inkjet printed on 
filter paper. The circular areas on the Latex 3 are the PDMS-
free reaction areas and the darker and more translucent 
structures on the white filter paper against the dark 
background contain the printed ink.

 

Fig. 5.20. Large scale (100 µm × 100 µm) AFM 
topographical images of a) unprinted copy paper and b) a 
PDMS film (3 flexographically printed layers) on copy 
paper. Respectively, the topographical image (10 µm × 10 
µm) in c) represents a Kaolin coated paper (z-range 413 nm) 
on which a PDMS layer was flexographically printed (image 
d, z-range 82 nm) (Figure modified from Paper I). 
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The barrier properties of the substrates strongly influence the 
penetration and appearance of the PDMS ink film. The AFM 
topographical images of a copy paper and a copy paper with three 
flexographically printed PDMS layers appear rather similar, because the 
ink effectively absorbs into the substrate which has no barrier layer. The 
RMS roughness (Sq) value for the both surfaces was approximately 3 
µm. In reality, the values are higer because the z-range limit was 
reached during the AFM measurements. In contrast, only 1 print layer of 
PDMS was enough to create a smooth film on a Kaolin-coated paper 
including a barrier layer underneath the top coating (Fig. 5.20.). The Sq 
value was 48.7 nm for the Kaolin-coated surface and 11.7 nm for the 
PDMS film. 

The printed PDMS surface is strongly hydrophobic and non-absorptive. 
Contact angle measurements yielded values 141.6° ± 2.4° and 141.2° ± 
2.0° for the frontside and backside of a PDMS-printed filter paper 
revealing that PDMS had penetrated throughout the thickness of the 
paper substrate. The patterned PDMS print thus enables the directing of 
analyte solutions into the predesigned, PDMS-free locations in a paper 
substrate (Fig. 5.21.) allowing e.g. microfluidic assays.  

 

Fig. 5.21. A digital photograph of coloured water droplets 
applied on the PDMS-printed areas where they remain as 
droplets on the surface, while on the channel areas (free of 
PDMS) the liquid quickly absorps (Paper III). 
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On the other hand, if the backside of the pigment-coated paper (PCC) 
was coated with a PDMS film, the latex-based barrier layer prevented 
the penetration of the PDMS on the other side and the CA value for the 
top coating (front side) remained the same regardless if the backside was 
coated with PDMS or not. The contact angle of water on a PDMS film 
printed on coated paper and PET is approximately 110-114°. The 
theoretical maximum contact angle of water on a flat surface is 
approximately 120°.297 Therefore it is logical that the smoother PDMS 
film on the coated paper has much lower a CA value compared to that 
on the much rougher filter paper.   

5.3.2. Electrochemical platforms for electrochemical analyses 

A schematic illustration and digital photographs of the electrochemical 
platforms with two (Paper IV) and three electrodes (Paper V) are 
shown in Fig 5.22. The planar three-electrode system consisted of an 
inkjet-printed gold working electrode (WE) and counter electrode (CE) 
and an inkjet-printed silver electrode, onto which an AgCl layer was 
deposited electrochemically resulting in an Ag/AgCl quasi-reference 
electrode (QRE). Both bare and functionalized gold electrodes were 
analyzed with several techniques in order to verify that the electrodes 
behave as expected, i.e. having a performance comparable with 
conventional or evaporated gold electrodes.  

Thiolation is one of the simplest functionalization methods for gold 
electrodes. The quality of the thiol layer depends on the underlying 
electrode surface among other parameters, such as immersion time, 
concentration of the thiols, chain length, temperature and solvent. At 
regions where the topography of the substrate changes abruptly, the 
structure of the SAM might have defects, thus providing a tool for 
examining the quality of the printed electrodes.189,298 It is important that 
a homogeneous thiol layer is obtained since thiolation is often the first 
step in the fabrication of e.g. immunosensors.299,S16  
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Fig. 5.22. a) A schematic illustration of the planar three 
electrode platform, b) a digital photograph of inkjet-printed 
gold electrodes on Kaolin coated paper, c) a digital 
photograph of the three electrode platform and d) a digital 
photograph of evaporated gold electrodes (nominal thickness 
30 nm) on Latex 3. 

The SP measurements revealed that thiolation of the plasma-cleaned 
inkjet-printed gold electrodes by using 1-octadecanethiol induced a 
+406 mV shift in contact potential difference. The corresponding value 
for the evaporated gold electrodes on a plastic substrate was nearly the 
same, +436 mV. The values are in good agreement with the magnitude 
of the shift, which according to the literature should be about 20 
mV/CH2 unit for an alkanethiol monolayer on gold.300  

Impedance spectroscopy measurements provide a sensitive method for 
studying the quality of the thiol layer on the printed and evaporated 
electrodes.301 Despite the highly varying capacitance values (Creal) 
obtained for the bare electrodes (Fig. 5.23.a), the capacitance values for 
the thiolated electrodes (Fig. 5.23.b), apart from one (AgNP+ODT), 
were nearly equal and saturated after a short stabilization time. The 
result shows that uniform thiol layers were formed on inkjet-printed 

a                                           b 

 

 

c              d  
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gold electrodes that could further be used for the fabrication of 
immunosensors.S16  

The Creal versus frequency curve that was obtained for the thiolated 
silver electrodes printed on paper was unstable and considerably 
different from the other curves. Fig. 5.24 shows Creal vs frequency curves 
measured at different times after thiolation of the inkjet-printed silver 
electrodes. Shortly after thiolation the Creal value appears to be 
saturating, but then gradually starts to approach the curve that was 
obtained for the bare silver without a thiol layer. This indicates a poor 
SAM quality and the ability of the liquid to penetrate through the silver 
electrode all the way through the topcoating and inside it. Similar 
problematic behaviour was not observed for the nonporous PEN. 
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Fig. 5.23. Real capacitance (Creal) of the electrodes as a 
function of the frequency a) before and b) after thiolation 
(Paper IV). 
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Fig. 5.24. Creal vs Freq curves measured 0-15 min after 
thiolation of the inkjet-printed silver electrodes on paper 
reveal the deterioration.  

Cyclic voltammetry measurements were carried out to characterize the 
printed three-electrode platform on paper and to compare its 
performance to a conventional electrochemical cell. The shapes of the 
CVs recorded with the paper-based three electrode platform (Fig. 5.25.a) 
appear similar to the ones obtained with the commercial gold-disk 
electrodes (Fig. 5.25.b). The influence of the scan rate and thiolation of 
the WE on the peak currents for the paper-based platform is shown in 
Fig. 5.26. As predicted by the Randles-Sevcik equation (Eq.2.12), the 
peak currents increase as a function of the scan rate. The ODT-modified 
gold electrode showed lower peak values and larger separations as 
expected due to the hindered access of the redox couple on the electrode 
surface. The peak separation values obtained with the gold electrodes 
were comparable with previously reported highly polished gold discs 
and commercial screen-printed electrodes.54,302,303 The ratio of the peak 
currents (|Ipa/Ipc|) obtained with the printed gold electrodes on paper 
(1.080 ± 0.044) was slightly higher than the one obtained for the 
conventional gold disk electrode (1.001 ± 0.025) but fairly close to the 
theoretical value, 1.  
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Fig. 5.25. Cyclic voltammograms of K3Fe(CN)6/K4Fe(CN)6 
redox couple in 0.1 M KCl as a function of the analyte 
concentration measured with a) a paper-based platform and 
b) a conventional cell (Paper V). 
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Fig. 5.26. The variation of anodic Ipa and cathodic Ipc peak 
currents as a function of the square root of the potential scan 
rate (Paper V). 

The detailed mechanism of electropolymerization of conducting 
polymers remain still not fully understood.304 Despite that, 
electropolymerization is a common way to functionalize electrodes and 
by that way broaden their application areas. Therefore the suitability of 
the printed electrode platform for electropolymerization was tested. 
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Polyaniline being an important conducting polymer was selected as the 
functional material. The growth of a PANI layer on the paper-based 
platform and on a commercial gold electrode is compared in Fig. 5.27. 
With both systems continuously increasing oxidation and reduction peak 
currents in the CVs were observed indicating that the polymer films 
were formed on the surfaces. The growth of the film and the redox 
reactions were also evident due to the electrochromic properties of 
PANI. During the forward scan the films oxidize i.e. the 
leucoemeraldine/emeraldine transition takes place and during the 
reverse scans reduction takes place. The film on the printed gold 
working electrode appeared green in the oxidized form and colourless in 
the reduced form.  

Since the potential of the polyaniline film is known to be sensitive to 
pH, the suitability of the electropolymerized films as a solid-state pH-
sensor was tested (Fig. 5.28). The obtained slope was fairly close to the 
theoretical value –59 mV per pH unit.  
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Fig. 5.27. An electropolymerization curve of PANI and the 
measured cyclic voltammograms in monomer-free 0.5 M 
HCl before and after the polymerization on the (a) paper 
chip-IV and (b) gold-disk electrode (Paper V). 
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Fig. 5.28. a) Potential vs. time curves for the conventional 
Au-disk/PANI and paper-based Au/PANI electrode. The pH 
of the buffer solution is indicated by the numbers (2, 4, 6, 7, 
8, X (=pH 10)) at the points that also correspond to the 
potential values measured after 5 min of the application of 
the subsequent buffer solution. b) Calibration curves 
obtained with modified conventional Au-disk/PANI, a paper-
based Au/PANI electrode (average of 2 chips and 6 
calibrations) and a bare paper/Au electrode (Paper V). 
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5.4. Applications and demonstrations 

5.4.1. Biofilm formation and screening of anti-biofilm agents 

Microtiter plates180, and actual implant materials (e.g. Ti based materials 
305,306) are typically used as substrates in biofilm studies.307,308,309 In 
Paper II, the possibility of using the planar paper-based platforms for 
biofilm formation was explored (Fig. 5.29.).  

 

Fig. 5.29. A schematic illustration of the biofilm formation 
on the PDMS-free reaction areas on a paper substrate.  

The adhesion of S. aureus on the printed PDMS film was very low, 
therefore the biofilm formation was concentrated on the unprinted 
reaction areas. The physicochemical properties of the different coated 
paper substrates were found to impact the biofilm formation. The 
coatings with relatively high polar surface energy component and Sdr 
(Kaolin and Latex 2) were the ones that were most susceptible for 
biofilm formation according to colony forming unit (CFU) calculations 
(Fig. 5.30.). The AFM topographical measurements also revealed that a 
dense biofilm formed on these substrates, whereas the biofilm on the 
other substrates was sparce or only partially covering the reaction area 
(Fig. 5.31.).  
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Fig. 5.30. Bacterial concentration values plotted as a function 
of the polar surface energy component (Paper II). 

 
Fig. 5.31. AFM topographical images (25 µm × 25 µm) of a) 
Latex 1, b) Latex 2, c) Kaolin, d) PCC, e) PS, and f) PDMS 
exposed to S. aureus for 18 h. The z-ranges are: a i) 768.1 nm, ii) 
469.2 nm, b) 1168 nm, c) 748.6 nm, d) 907.2 nm, e) 780.3 nm 
and f) 158 nm. The scale bar in each image is 5 µm (Paper II). 
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Compared to the other paper substrates the biofilm growth on the Latex 
2 sample was easily recognizable using an optical microscope. The 
contrast change (from light to dark) resulting from the biofilm formation 
inside the reaction area is shown in Fig.5.32.a and 5.32.b. The biofilm 
growth on the Latex 2 sample is explained by the moderate roughness 
that increases the contact area between the substrate and bacterium.177 
The Latex 2 substrate was selected for demonstrating the suitability of 
the platform e.g. in screening of potential anti-biofilm agents. Fig. 5.32.c 
shows that when the 18 h grown biofilm was exposed to (+)-
dehydroabietic acid, an anti-biofilm agent that inhibits S. aureus 
biofilms310, the contrast changed back from dark to light apart from the 
edges of the reaction area. AFM measurements together with the 
decreased CFU value confirm the destruction of the biofilm (Fig. 5.33).   

 

Fig. 5.32. Optical micrographs of Latex 2 sample a) before 
and b) after biofilm formation and c) after the 18 h grown 
biofilm was exposed to anti-biofilm agent (+)-dehydroabietic 
acid for 24 h (Paper II). 
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Fig. 5.33. AFM topographical images of a) a S. aureus 
biofilm on Latex 2 and b) S. aureus biofilm exposed to anti-
biofilm agent (+)-dehydroabietic acid for 24 h. The thickness 
of the viable biofilm is higher that the thickness of the 
remaining biofilm near the edge of the reaction area (Paper 
II).  

The flexibility and planarity of the platforms enables another strategy 
for high-throughput screening of potential anti-biofilm agents (or 
substances that enhance biofilm formation). According to preliminary 
tests, inkjet printing looks to be a promising technique for printing anti-
biofilm compounds on the reaction areas prior to the biofilm formation 
for screening of the anti-biofilm activity.  

5.4.2. Glucose sensors 

Rapid and accurate determination of glucose concentration in blood is of 
great importance for diabetic persons. A typical level of glucose 
(fasting) in blood, urine, and tear is around 4.2 mM, 0.33 mM and 0.20 
mM, respectively.76,311 Elevated glucose levels e.g. above 7.0 mM in 
blood (fasting)312, above 1.4 mM in urine313 and higher than 0.66 mM in 
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tear after a postprandial phase or glucose load311 are indicative of a 
disease.  

Since the first biosensor introduced by Clark and Lyons314 the 
development of glucose sensors has been immense.315,316,317 The 
extremely good stability of GOx318, the bulk of information available of 
the characteristics of GOx319,320,321 and the commercial importance of the 
glucose sensors mean that a glucose assay is often the preferred choice 
for verifying the performance of novel microfluidic devices. The 
convenient thing about the highly developed methods for glucose 
measurements is that the existing knowledge and e.g. glucometers can 
be applicable also for the detection of a range of other analytes.51  

In Paper I PDMS was flexographically printed on two commercial 
paper substrates for creating planar platforms that were used for 
constructing printed glucose indicators. The reagents were added on the 
reaction wells by screen printing and the glucose solutions either by 
drop-casting or dip-casting. The glucose concentration dependent 
intensity of the colour (Fig. 5.34.) resulting from the enzymatic reaction 
(Schema 2) was analysed by a combination of a desk top scanner and 
image analysis program. The response was not linear, but Fig. 5.35 
shows the results in logaritmic scale. Reported linear ranges for paper-
based glucose sensors in previous studies have ranged from 0 to 5 
mg/mL37, from 0.09 to 5.76 mg/mL and  from 0 to 0.9 mg/mL38. The 
results demonstrate that a normal copy paper can be used as a print 
substrate for creating low-cost platforms for colorimetric assays.  
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Schema 2. The principle of colour formation in a glucose 
assay. 

 

Fig. 5.34. Glucose indicators on coated paper (white 
background) and copy paper (purple background) (Paper 
I). 
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Fig. 5.35. Colour intensities as a function of glucose 
concentration. The dashed lines indicate the background grey 
scale values of water (Paper I). 

In Paper V the glucose sensing was carried out with a three-electrode 
platform with GOx-modified WE by measuring the current response 
toward solutions with different glucose concentrations (Fig. 5.36.). A 
typical calibration plot was obtained.100,322,323 The response was linear up 
till 5 mM (0.9 mg/mL) and mannose (substrate for GOx at low glucose 
concentrations324) showed practically no current increase for a 
concentration as high as 20 mM. Various linear ranges, e.g. 0-10052, 1-
22.253, 1.5-9.7325, 2.5-25.051, 0.01-1.5 mM326 have been reported in 
literature for glucose determination using µPADs.  
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6. CONCLUSIONS AND OUTLOOK 

The main focus in this thesis was set on the development of platforms to 
be used in paper-based analytical applications. Light weight, low-cost 
and recyclable/disposable nature of paper are properties that motivate its 
use. In addition, the physicochemical surface properties of paper can be 
readily adjusted by the choice of the used coating materials and different 
surface treatments. This enables the use of paper not only as the 
substrate but also as a component that improves the functionality and 
performance of the device. On the other hand, the complex nature of 
paper surfaces requires that the physicochemical properties of paper 
surfaces as well as the performance of the printed functionalities are 
carefully characterized.  

In Paper I, a simple procedure for manufacturing paper-based reaction 
arrays and microfluidic channels was demonstrated both by 
conventional flexographic and digital inkjet printing methods. A 
hydrophobic PDMS layer was printed on different paper substrates by 
using a patterned printing plate. This resulted in an array structure 
including PDMS-free areas, so called reaction areas in which the 
reagents and analytes of interest could be introduced. For the fabrication 
of microfluidic channels, highly absorbent paper substrates with good 
liquid wicking characteristics were used. The printed PDMS ink readily 
penetrated into such permeable substrates creating liquid guiding barrier 
structures. The use of the fast curing PDMS ink allowed a 
straightforward roll-to-roll production of the reaction arrays, which is an 
advantage compared to other methods, e.g. photolithography that 
requires several fabrication steps.    

Proof-of-concept demonstrations were presented for the reaction arrays. 
In Paper I, a colorimetric glucose sensor was fabricated by printing the 
assay reagents onto the reaction areas. In Paper II the platforms were 
used in biofilm formation studies. In addition to the control of wetting 
behavior, the extremely low polarity, surface energy and elastic modulus 
of the PDMS-based material make it an unfavourable material for 
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bacterial adhesion. Thus the S. aureus biofilm preferably formed on the 
PDMS-free reaction areas. Measurements of the density of viable 
biofilm bacteria on the substrates showed that the susceptibility for S. 
aureus biofilm formation grown in static conditions increased as a 
function of the polarity of the studied substrates. For example, an 
infrared treated nanopatterned latex substrate was shown to be prone for 
biofilm formation. The grown biofilms were denser than those grown on 
plastic microplates. These printed arrays open up future possibilities for 
high-throughput screening of antimicrobial agents. The planarity of the 
platform enables e.g. the use of printing techniques for dispensing 
potential antimicrobial agents into the reaction areas before or after the 
biofilm formation. This was successfully demonstrated by printing 
penicillin on the reaction arrays before biofilm formation experiments 
and by exposing biofilms to an efficient antimicrobial agent, (+)-
dehydroabietic acid.  

The focus in Papers III–V was set on the development and 
characterization of paper-based platforms for electrochemical 
applications. Coated paper substrates provided the best platform for 
applications where good print resolution and barrier properties are 
required.  

The platforms were built on a recently patented multilayer coated 
mineral pigment based substrate that was developed for printed 
electronics. The substrate contains a barrier layer that prevents 
functional inks from penetrating deep into the paper structure. The 
barrier layer is covered by a few micrometers thick pigment-based top 
coating, with adjustable surface characteristics such as pore volume, 
pore size, topography, roughness, stiffness and surface energy. 

Compared to the fabrication of the silver electrodes using an ink with 
~30 nm sized Ag nanoparticles, fabrication of defect-free and 
conductive inkjet-printed gold electrodes was a challenging task. The 
use of organic solvents and extremely small 3-5 nm sized Au 
nanoparticles set high demands for the barrier properties. On the other 
hand, the lower melting point of the small nanoparticles enabled fusing 
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of the particles by a roll-to-roll compatible IR-sintering method. The 
achieved conductivity (6.25×106 S/m) of the crystalline gold surfaces 
was comparable with previously reported values obtained for printed Au 
electrodes on glass substrates. This shows that the relatively rough and 
porous surface of the paper substrate was not an obstacle but it could be 
utilized to improve e.g. the adhesion of the sintered gold electrodes to 
the substrate. Compared to glass, the adhesion on paper was excellent 
and the electrodes withstood washing, abrasion and bending without 
losing their functionality.  

The planarity of the reaction platforms means that not only the transport 
and storing is simple, but also handling and e.g. surface characterization 
is easy. Electrochemical analyses were straightforward to perform 
because of the predetermined and fixed placing of the electrodes that 
helped to avoid e.g. contact problems. In addition, only low sample 
volumes are required if compared to a traditional three-electrode cell. 
Cyclic voltammetry experiments were carried out to verify the 
performance of the printed electrochemical platforms. The platforms 
behaved as expected and gave systematic results that were comparable 
with the ones obtained with the traditional electrochemical cells 
showing no holdback for advanced applications. To this end, different 
methods were tested to functionalize the gold working electrode 
surfaces. PEDOT-GOx films were electropolymerized for fabrication of 
an electrochemical glucose sensor. Respectively, PANI films were 
electropolymerized for pH monitoring purpose. Thiolation of the gold 
electrodes was done using octadecanethiol self-assembled monolayers. 
Both chemical and electrochemical characterization indicated that the 
electrodes can be successfully functionalized by various methods and 
materials. This opens up a wide range of possibilities in the field of 
analytical applications. 

The material costs for the gold ink, the most expensive ink used in this 
thesis, were 0.04 €/cm2, which is fairly low compared to the price of a 
commercial gold disk electrode (120 €)327. In order to achieve high 
volume manufacturing and even lower production costs the platforms 
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ought to be fabricated in a roll-to-roll process. This is a really interesting 
future prospect due to the good solution-processability and fast 
annealing times of the silver, gold and PDMS-based inks.  

Other related and interesting future prospects include testing of new 
electrode materials, functionalization of the electrodes by inkjet printing 
with the aim to fabricate fully inkjet-printed sensors, optimization of the 
printing processes for providing guaranteed device-to-device 
reproducibility and determination of the recommended device lifetime 
by systematic testing and calibrations. Eventually, real onsite analysis 
and coupling to portable readers could be investigated.  
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