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Abstract Paper-based analytical devices provide novel
platforms for functional sensing applications, such as medi-
cal diagnostics and environmental monitoring. They are
based on porous hydrophilic material, which transports
the sample liquid by capillary action. The directional flow
of aqueous liquids can be controlled by selective hydro-
phobising of pores. Earlier research in this field has con-
centrated on highly porous cellulose papers as base sub-
strates, with no significant interest shown for pigment
coatings. Such coatings can produce significantly thinner
porous layers, thus requiring smaller sample volumes. This
study investigates the hydrophobic patterning of custom-
designed porous pigment coatings by functional inkjet
printing. Tested coatings consisted of reference ground
calcium carbonate and porous functionalised calcium car-
bonate (FCC) pigments combined with various binders,
including microfibrillated cellulose. The hydrophobis-
ing custom-made inks contain polystyrene or alkyl ketene
dimer (AKD) in p-xylene. The patterning is demonstrated
by reaction arrays and simple channels. With polystyrene
ink, successful hydrophobic barriers could be generated
on all tested pigment/binder coatings, although generally
requiring printing of multiple layers of barrier material.
With AKD ink, hydrophobic patterns could be created suc-
cessfully on coatings containing an organic binder, but not
on coatings with inorganic sodium silicate as binder. The
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AKD ink generated hydrophobic barriers using fewer ink
layers compared with polystyrene ink. Interestingly, AKD
ink could hydrophobise the FCC pigment alone without
binder, presumably due to hydroxyl groups on the pigment
surface. Hydrophobic patterning of the pigment coatings
is seen to require large amounts of hydrophobising agent,
likely related to the high specific surface area.
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Abbreviations

AKD  Alkyl ketene dimer

CMC  Carboxymethyl cellulose
FCC Functionalised calcium carbonate
GCC  Ground calcium carbonate
MCC  Microcrystalline cellulose
MFC  Microfibrillated cellulose

PP Polypropylene

PS Polystyrene

PVOH Polyvinyl alcohol

SEM  Scanning electron microscopy

1 Introduction and background

Paper-based analytical devices are paper products intended
to be used as tools in chemical or medical analysis; pH
indicator paper serving as a classic example. Recent
research on such analytical devices has introduced the topic
of paperfluidics, combining microfluidic concepts with
paper or paper-like porous materials. The porous nature
allows these devices to absorb and transport liquids within
the pore matrix by capillary action.
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Modern healthcare and environmental monitoring relies
on analytical and diagnostic techniques to detect disease
and contamination. Sophisticated techniques are available
to laboratories and hospitals, but advanced and convenient
diagnostic tools are also needed for field, point-of-care and
household testing, especially in limited resource settings.
Microfluidic diagnostic devices, made easily portable by
their small size, and only requiring relatively small sam-
ple volumes, may provide practical diagnostic solutions for
such settings. However, conventional microfluidic designs,
produced by microfabrication technologies, and often
requiring external pumping, may be unnecessarily complex
for mass-produced applications in the field. By employing
commonly available easy-to-process materials, paperfluidic
devices may provide an alternative low-cost platform for
simple and disposable microfluidic diagnostic tools.

Applications for paperfluidic diagnostic tools include
medical assays, such as detection of blood type (Li et al.
2012) or sickle cell disease (Yang et al. 2013) from a small
blood sample, monitoring of nitrite levels in saliva for
patients undergoing haemodialysis for renal disease (Klas-
ner et al. 2010) or detection of glucose levels in urine (Cas-
sano and Fan 2013). Other possible applications include
detection of bacteria in food (Jokerst et al. 2012) or water
(Hossain et al. 2012) samples, detection of heavy metals
(Feng et al. 2013) or reactive phosphates (Jayawardane
et al. 2012) in water, or even detection of explosive traces
(Taudte et al. 2013). In the laboratory environment, paper-
fluidic devices are also expected to provide an economical
platform for pharmaceutical research (Chen et al. 2015).

The liquid transport in paperfluidic devices is propelled
by capillary pressure in the hydrophilic pore matrix, in
which hydrophobic barriers are employed to limit and
direct the flow. These barriers are fabricated by treating
the pore surfaces on selected areas of the substrate with
hydrophobic material, resulting in a surface chemistry that
no longer facilitates capillary transport of high surface ten-
sion aqueous samples. Microfabrication methods, such as
photolithography (Martinez et al. 2007), and various print-
ing methods provide the means for patterning such barri-
ers. The most common method of printing hydrophobic
patterns on laboratory scale has been inkjet, depositing
a variety of hydrophobic materials, such as hot melt wax
(Carrilho et al. 2009a), solvent-diluted polydimethylsilox-
ane (Madittinen et al. 2011), UV-curing polymer (Maejima
et al. 2013) and acrylic polymer in solvent-based solution
(Apilux et al. 2013). The two key properties of a hydro-
phobising printing ink comprise the ability to penetrate the
full depth of the porous part of the substrate and the ability
to transform pore surface chemistry from hydrophilic into
hydrophobic.

On the simplest level, a paper-based analytical device
may consist of a single reaction test zone, limited by
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hydrophobic barriers. A paper-based equivalent to the
injection-moulded microzone well-plate can be manufac-
tured by printing an array of such patterns on a sheet, with
assays conducted in the test zones being measurable with
spectrophotometric techniques based on absorbance, reflec-
tance or fluorescence (Carrilho et al. 2009b). Printing elec-
trodes on test zones enable electrochemical (Miittinen
et al. 2013) and electrochemiluminescent (Delaney et al.
2011) detection. More complex paperfluidic devices may
feature separate areas for sample insertion, reaction and
detection, connected to each other with channels.

To date, most studies on paperfluidic devices have been
conducted with highly porous cellulose papers, includ-
ing commercial chromatography (Martinez et al. 2007) or
filter (Li et al. 2010) papers and custom laboratory hand-
sheets (Bohm et al. 2014), as base substrates. Another stud-
ied substrate is nitrocellulose membrane (Lu et al. 2010b;
Apilux et al. 2013), employed currently in commercial lat-
eral flow tests. Porous cellulose papers benefit from being
easily available, disposable, naturally wicking and white
in colour. However, due to the dimensions of the fibres,
typically 10-20 um wide (Evans et al. 2014), such papers
tend to lack uniformity on the local micro- and even mac-
roscale. This lack of uniformity within a sheet is further
complicated by the fibre orientation inherent to industrial
paper manufacturing, resulting in paper having different
mechanical properties in machine and cross-machine direc-
tions (Pelton 2009). Typically employed filter and chroma-
tography papers are not designed with printing applications
in mind, and display low tensile wet strength, as well as
high surface roughness and uneven pore size distribution,
which makes them very challenging substrates even for
flexographic printing (Koivula et al. 2013). Certain bioag-
ents, such as proteins, do not bind well to native cellulose
without additional surface chemistry modification (Pelton
2009). Patterned cellulosic paper is also open on both sides,
thus risking contamination from any surface it is placed on.
The paper can be protected with a polymer film attached
with adhesive (Fenton et al. 2009) or hot lamination (Cas-
sano and Fan 2013), but these methods have limitations:
adhesives can leach into the paper or samples, while hot
lamination alters the pore matrix structure, resulting in
reduced wicking speed. Alternatively, one side of the paper
can be printed with a limited layer of hydrophobising mate-
rial (Zhong et al. 2012), though in such case there is a risk
of the material penetrating too deeply or unevenly to the
paper.

In contrast to cellulosic papers, pigment paper coatings
as alternative base substrates have received little interest,
since typical paper coatings designed for traditional offset
printing do not exhibit the necessary volume capacity and
permeability in their capillary pore structure. Furthermore,
there has been a lack of clear design requirements proposed
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Fig. 1 Schematic cross section of multi-layer coated paper with
printed hydrophobic pattern: not to scale

for speciality coatings for diagnostic applications. Pigment
coatings consist of fine micrometre-sized pigment parti-
cles, usually mineral, and binders, which tie the particles to
each other and to the base substrate, with connected voids
between particles forming a pore network. Due to the finer
particle size and manufacturing methods employed, they
tend to form significantly more uniform pore matrices than
cellulose fibre-based paper. While commercially available
coated papers are not designed for paperfluidic applica-
tions, they can still be hydrophobically patterned to form
reaction arrays (Mééttinen et al. 2011). Custom-designed
multi-layer coated papers, consisting of base paper, isolat-
ing barrier pre-coating layer (Bollstrdm et al. 2013) and
custom hydrophilic top coating, as demonstrated in Fig. 1,
can provide platforms for mass-produced paperfluidic
devices.

This study is part of the early phase of a larger research
project investigating the possibilities of employing novel
specially designed pigment coatings as generic base sub-
strates for mass-fabricated printed paperfluidic devices,
with potential applications ranging from new laboratory
research tools to point-of-care diagnostics. Such coated
substrate designs provide numerous advantages compared
with plain cellulose paper. Firstly, the pigment particles
feature spatial dimensions smaller than those of cellulose
fibres, providing a better printing resolution and colour
reproduction with graphic inks and potentially also better
resolution with functional inks. The particle dimensions
also result in finer pore dimensions, leading to more effec-
tive filtering of small particles and the potential for molecu-
lar selection. Secondly, the thickness of the functional coat-
ing layer can be varied freely, enabling the production of
very thin wicking layers requiring minimal liquid sample
and reagent volumes. Minimal sample requirements are
likely to be important when assays are taken from patients
in cases where access to or available volumes are strictly
limited. One example is lacrimal fluid on the eye, espe-
cially from patients suffering from dry eye syndrome (Kim
and Noh 2013). Additionally, small reagent volumes reduce

material expenses and possibly manufacturing times, par-
ticularly if inkjet printing is used for applying the rea-
gents. On thick substrates, optical analysis depth is limited
since the bulk of the substrate limits the amount of light
that can penetrate deep into the substrate and return to the
surface (Yetisen et al. 2013). Thirdly, when a barrier layer
or an impermeable base substrate is employed, the under-
side of the hydrophilic layer is isolated from the environ-
ment, hence allowing the device to be placed on a sur-
face while containing liquid. Furthermore, the base paper
is isolated from liquids in the top coating by the barrier
layer. Fourthly, pigments provide novel surface chemistry,
expected to help with immobilisation of reagents or separa-
tion of components from the liquid sample by the various
mechanisms of chromatography.

The functional coatings employed in this study consist
of a porous functionalised calcium carbonate (FCC) pig-
ment, derived from a modification of calcium carbonate,
combined with a variety of organic and inorganic binders.
The FCC pigment was used in previous studies by the cur-
rent authors to illustrate the high level of capillarity achiev-
able (Jutila et al. 2015). In the present work, hydrophobic
barriers are applied to coatings featuring a variety of bind-
ers, including polymer latex, inorganic sodium silicate,
polyvinyl hydroxide, carboxymethyl cellulose and micro-
fibrillated and microcrystalline cellulose (MFC, MCC).
To simplify the testing procedures, impermeable base sub-
strates are used in this work to provide support for the pig-
ment coatings. Permeable filter paper substrate is used as a
reference.

Biosensor applications involve addition of bioagents,
such as enzymes or antibodies, on the sensor substrate.
Such bioagents should remain immobilised and active on
the substrate for extended periods of time. On paper-based
devices, storage stability of enzymes has been improved
by binding them within mesoporous silica nanorods before
depositing them on filter paper (Zhao et al. 2013) or by
sandwiching them between layers of porous silica sol-gel
applied on coated cardboard (Hossain et al. 2009) or filter
paper (Koivula et al. 2013). Commercial ground calcium
carbonate, commonly employed as paper filler or coating
pigment, is not a good platform for enzyme immobilisa-
tion, as demonstrated by the poor adsorption and binding
of horseradish peroxidase, for example, resulting from the
presence of dispersing agents (Di Risio and Yan 2010). The
situation can be improved of course by omitting, limiting or
changing the typical anionic dispersing agents used.

Unlike typical coating pigments, such as kaolin or
ground calcium carbonate, the surfaces of FCC particles,
employed in this study, contain no surface additives and
consist mainly of nanoporous hydroxylapatite, a major
component of human bones, which is expected to provide
both large surface area and a suitable surface chemistry for
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Table 1 Pigment properties

Pigment Specific surface
area (m”> g~ 1)

GCC12 12.5

FCC40 40.0

FCC105 105.0

Calcium carbonate Hydroxylapatite Other mineral
content (W/w%) content (wW/w%) content (w/w%)
98.3 0.0 1.7

74.5 255 0.0

15.2 84.8 0.0

binding bioagents. On electrode-based biosensors, hydrox-
ylapatite-based materials have been applied to immobilise
and stabilise bioagents, including glucose oxidase (Zhang
et al. 2009) and horseradish peroxidase enzyme (Li et al.
2011) on plain hydroxylapatite, as well as transferrin anti-
bodies (Yang et al. 2005) and tyrosinase enzyme (Lu et al.
2010a) on hydroxylapatite—chitosan composite materials.
However, these studies were carried out with sensors typi-
cally stored in buffer solution, rather than in the dry state.
In medical applications, hydroxylapatite—alginate micro-
spheres have been demonstrated as carriers for glucocer-
ebrosidase enzyme (Ribeiro et al. 2004).

The specific topic of the present study is on investigat-
ing the hydrophobic patterning of these above-mentioned
novel coated substrates. This is carried out by inkjet print-
ing of custom functional inks consisting of polystyrene
(PS), or the paper sizing agent alkyl ketene dimer (AKD),
dissolved in organic solvent. These inks have been shown
to be effective for hydrophobic patterning of filter papers
(Koivunen et al. 2015). AKD-based inkjet inks have been
applied to hydrophobic patterning also by other authors,
either dissolved in organic solvent (Li et al. 2010) or as
an aqueous emulsion (Wang et al. 2014), while PS-based
inks have been printed with flexography (Olkkonen et al.
2011) and screen printing (Sameenoi et al. 2014). This
study emphasises print settings required for the successful
hydrophobisation of the custom pigment coatings, as well
as demonstrating various methods for testing the resulting
hydrophobic patterning.

2 Materials and methods
2.1 Functional pigment coatings

The three different pigments tested were commercial
ground calcium carbonate Hydrocarb® 90 ME (poly-
acrylate-dispersed marble-based product with 90 w/w%
of particles finer than 2 wm), from here on referred to as
GCC12, and two versions of an experimental highly porous
form of modified calcium carbonate in pure form, known
as functionalised calcium carbonate (FCC), with the two
versions from here on referred to as FCC40 and FCC105.
All the pigments were provided by Omya International AG
(Oftringen, Switzerland). Data on pigment properties, as
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provided by the manufacturer, are listed in Table 1, with
mineral content distribution determined by X-ray diffrac-
tion (XRD) analysis and specific surface area (m’g~") by
the nitrogen adsorption method (BET) (Brunauer et al.
1938). Pigment abbreviations (GCC12, FCC40, FCC105)
are derived from a combination of pigment type/content
and specific surface area.

FCC differs from plain calcium carbonate pigment by
having a microporous-reconstructed surface containing
hydroxylapatite (Ca5(PO,);OH), resulting in highly hydro-
philic particles with large surface area and surface hydroxyl
groups. Figure 2 displays scanning electron microscope
(SEM) images of FCCI105 pigment particles, with and
without binder.

Seven different binders were tested with the pigments,
namely:

1. Microfibrillated cellulose (MFC A) Arbocel MF-40-7
(J. Rettenmaier & Sohne GmbH + Co KG, Rosenberg,
Germany).

2. Microfibrillated cellulose (MFC B), mechanically pro-
duced, 22.3462 CMCX-TYPE (Omya International
AG, Oftringen, Switzerland).

3. Microcrystalline cellulose (MCC) Vivapur 105 (J.
Rettenmaier & Schne GmbH + Co KG, Rosenberg,
Germany).

4. Carboxymethyl cellulose (CMC) Finnfix 5 (CP Kelco,
Adnekoski, Finland).

5. Polyvinyl alcohol (PVOH) BF05 (Omya International
AG, Oftringen, Switzerland).

6. Styrene acrylic latex Acronal S 728 (BASF, Ludwig-
shafen, Germany).

7. Sodium silicate (Merck KGaA, Darmstadt, Germany,
product number 1056212500).

Each coating colour consisted of a single pigment, a sin-
gle binder and water, with solid content varied to produce
a suspension with viscosity suitable for coating. No addi-
tives, such as dispersing agents, were included in the for-
mulations. FCC105 pigment, being the main interest of this
study due to its high surface area, was tested first with each
of the binders, as well as without any binder. Based on the
initial results obtained with the FCC105 coatings, microfi-
brillated cellulose (MFC A) was then chosen as the binder
for the additional coatings containing FCC40 and GCC12
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Fig. 2 Scanning electron microscope images of FCC105 particles: a plain and b combined with Arbocel MF-40-7 microfibrillated cellulose as

binder

Table 2 Coating colour formulations

Name Pigment Binder Nominal binder Solids content
amount (pph)* (Wiw%)
GCCI12 + MFC A GCC12 Microfibrillated cellulose Arbocel MF-40-7 20 27.7
FCC40 + MFC A FCC40 Microfibrillated cellulose Arbocel MF-40-7 20 17.4
FCC105 + MFC A FCC105 Microfibrillated cellulose Arbocel MF-40-7 20 14.9
FCC105 + MFC B FCC105 Microfibrillated cellulose 22.3462 CMCX-TYPE 20 44
FCC105 + MCC FCC105 Microcrystalline cellulose Vivapur 105 20 13.7
FCC105 + CMC FCC105 Carboxymethyl cellulose Finnfix 5 10 143
FCC105 4+ PVOH FCC105 Polyvinyl alcohol BFO5 10 14.3
FCC105 + latex FCC105 Styrene acrylic latex Acronal S 728 10 10.0
FCC105 + sodium silicate FCC105 Sodium silicate 50 19.2
FCC105 FCC105 - 0 14.4

# pph for binder stands for parts by weight per 100 parts by weight of pigment

pigment. Table 2 lists all the coating colour formulations,
and they will be from here on referred to by the names
given in Table 2.

Coating colours were applied with a mechanical draw-
down K202 Control Coater (RK PrintCoat Instruments
Ltd., Herts, UK) with blue labelled wire-wound rod, apply-
ing a 100-um-thick wet film onto the substrate, with a speed
setting of 6 m min~!. Other available rods for this coater
cover various film thicknesses between 4 and 500 um.
Coated substrates were allowed to dry at room temperature
overnight.

The coatings were applied on three different types of
base substrate. FCC105 coating, lacking any binder, could
be safely handled only when on a rigid surface and was
therefore applied to 25 x 75 and 100 x 200 mm? glass
slides. All other coating colours were applied on two
flexible substrates, these being 180 x 260 mm? sheets
of impermeable pigment-filled polypropylene (PP) film

SuperYUPO® (Yupo Corporation, Tokyo, Japan), previ-
ously also known as Synteape, of 80-um thickness and
62 g m~2 basis weight, and aluminium foil. Unless explic-
itly mentioned otherwise, any future results are given for
the coatings applied on the PP film.

2.2 Functional inks

Hydrophobic inks were prepared by dissolving 5.0 w/w%
of hydrophobising agent and 0.1 w/w% of colourant in
p-xylene solvent (VWR, Vienna, Austria, product code
28984.292). The ink components were allowed to dissolve
overnight without external agitation. Before use, the inks
were filtered with 0.45-um GHP Acrodisc GF syringe fil-
ters (Pall Corporation, Port Washington, USA).

Two different hydrophobising agents were applied,
these being 35-kDa molecular weight polystyrene (Sigma-
Aldrich, St. Louis, USA, product code 331651) and solid
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Fig. 3 Graphic visualisation (a)

of custom waveform shapes,

displaying a jetting segments /
for AKD ink, b non-jetting
segments for AKD ink, ¢ jetting /
segments for PS ink and d non-

jetting segments for PS ink, all

as visualised by the waveform

(c)

editor for the printer

(b)

(d)

==

alkyl ketene dimer (AKD) Basoplast 88 (BASF, Ludwig-
shafen, Germany). AKD is conventionally used in paper
industry for internal sizing (hydrophobising) of paper
through reaction with cellulose. From here on, the ink
with polystyrene as hydrophobising agent will be referred
to as PS ink, while the ink with alkyl ketene dimer will be
referred to as AKD ink.

To identify the position and print quality resolution,
three different colourants were applied in the ink formula-
tion, these being Sudan Red G (Sigma-Aldrich, St. Louis,
USA, product code 17373), yellow dye, wood stain colour-
ant 157 (Kremer Pigmente GmbH & Co. KG, Aichstetten,
Germany, product number 94010) and Blue 807 dye (Kre-
mer Pigmente GmbH, & Co. KG, Aichstetten, Germany,
product number 94030). PS ink was coloured only with
Sudan Red G, while AKD inks were prepared separately
with each colourant. Unless otherwise mentioned, refer-
ences to AKD ink are to the version coloured with Sudan
Red G.

Inks were printed with a DMP-2831 research inkjet
printer (Fujifilm Dimatix, Santa Clara, CA, USA) employ-
ing DMC-11610 ink cartridges with 10 pl nominal drop
volume. For both inks, the printer mounting platen and print
head were heated to 30 °C, and printing was performed
with all 16 available nozzles, with print head nozzle menis-
cus vacuum set to 4.0 in. (10.16 cm) H,0. Custom print
head waveforms for the inks, shown in Fig. 3 and listed in
Table 3, were experimentally designed to provide satisfac-
tory and reliable drop formation. The waveform parameters
level, slew and duration refer to the %-age amplitude of
the voltage applied to bend the fluid chamber membrane,
the slew rate controlling how fast the membrane is being
bent, and time consumed to bend and keep the membrane
in position, respectively.

PS ink was observed to become non-jetting at nozzles
left idle for some time, presumably due to viscous build-
up as a result of concentration. To counter this, a cleaning
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Table 3 Custom waveforms for PS and AKD inks

Ink Segment Level (%) Slew Duration (us)

PS Jetting 1 0 0.65 3.392
Jetting 2 100 2.00 4.672
Jetting 3 67 2.00 2.944
Jetting 4 7 2.00 0.512
Non-jetting 1 40 1.00 3.712
Non-jetting 2 27 1.00 4.928
Non-jetting 3 7 1.00 2.880

AKD Jetting 1 100 0.30 7.488
Jetting 2 0 0.05 21.248
Non-jetting 1 27 0.30 5.632
Non-jetting 2 0 0.05 23.104

cycle, consisting of a 0.1-s purge operation adopting exter-
nal overpressure applied to force ink out of nozzles, was
run automatically at the beginning of the printing opera-
tion and at 5-min intervals during the printing. With AKD
ink, no such similar problem was observed, and instead a
manufacturer provided Spit Spit cleaning cycle, applying
only the regular jetting mechanism, was applied to prime
the nozzles automatically at the beginning of the printing
operation and at 10-min intervals during the printing. The
same cleaning cycle was also run at the end of printing for
both inks.

Drop spacing and number of ink layers were used as
parameters to adjust the amount of ink applied per unit area
of substrate. After printing, the samples were allowed to
stand for approximately 1 min to allow solvent to evapo-
rate. Samples printed with PS ink were ready to use after
this short period, while samples printed with AKD ink were
heat treated for 10 min either on a 100 °C hot plate or in a
105 °C oven to ensure that AKD could react with hydroxyl
groups present in the coating. The PP films shrank slightly
in one dimension as a result of this heat treatment, losing
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roughly 1 % of their original width of 180 mm. Further-
more, Sudan Red G colourant was seen to smear on heat
treatment, making it difficult to assess optically the exact
edge of the printed pattern. Therefore, AKD ink coloured
with Blue 807 Dye was chosen for printing samples requir-
ing such assessment.

Printed samples were mainly stored inside plastic
sleeves and protected from light. Under these conditions,
both Sudan Red G and Blue 807 Dye seemed to remain sta-
ble on the coatings. However, some samples were stored in
the open in a well-ventilated area, and under these specific
conditions both Sudan Red G and Blue 807 Dye displayed
major fading after a few months. Printed samples coloured
with yellow dye, wood stain colourant 157, were all con-
sumed during the analysis process, and thus, the stability
of this colourant over time on the coatings could not be
recorded.

2.3 Other materials

Wicking speed and/or integrity of the hydrophobic pat-
terns was tested with a variety of aqueous solutions. Firstly,
deionised water was applied plain or dyed with 0.1 w/w%
of Amaranth red (Fluka Chemie AG, Buchs, Switzerland,
product code 06409) or rhodamine B (Kremer Pigmente
GmbH & Co. KG, Aichstetten, Germany, product number
94900). Secondly, aqueous solutions containing 15, 20,
25, 30 or 40 w/w% ethanol and 0.1 w/w% rhodamine B
were prepared for application as low surface tension lig-
uids to test hydrophobic barrier resistance to penetration.
Thirdly, aqueous non-ionic surfactant solutions, contain-
ing 1.0 w/w% Tween 80 (Sigma-Aldrich, St. Louis, USA,
product code 1754) in aqueous solution, both undyed and
with 0.1 % by weight rhodamine B, were prepared.

Whatman 4 cellulose filter paper (GE Healthcare UK
Ltd., Little Chalfont, UK) acted as a reference substrate, in
order to demonstrate the differences between conventional
paperfluidic material and the custom-designed coatings.
According to the manufacturer, this filter paper has particle
retention of 20-25 pm.

2.4 Pigment coating characterisation methods

Coating dry thickness was measured with an SE250D
micrometer (Lorentzen & Wettre, Kista, Sweden) with a
2 cm” measurement area spindle and measurement pressure
of 100 kPa. Thickness was measured from coated PP films,
with the actual coating thickness considered to be equal to
the measured thickness minus 80 um (nominal thickness
for the PP films in this study). Ten measurements were
taken per coating.

Cumulative coating pore volume was measured as a
function of mercury intrusion pressure with an Autopore

IV porosimeter (Micromeritics, Norcross, GA, USA) from
coatings applied on aluminium foil, with a single sam-
ple measured per coating. Scanning electron microscopy
(SEM) micrographs were obtained with a Sigma VP field
emission scanning electron microscope (Carl Zeiss AG,
Oberkochen, Germany).

Wicking speed was measured from cut 3 x 75 mm
strips of coating applied on PP film, attached with double-
sided tape to 25 x 75 mm? glass slides to provide stiffness.
These slides were then placed vertically into an open cylin-
drical plastic jar (33 mm inner diameter, 68 mm high), with
4 mm of rhodamine B-dyed water at the bottom of the jar.
Liquid was allowed to wick along the coating for 5 min in
controlled climate (21 °C, 65 % RH), after which the sam-
ple was removed from the jar, and the distance travelled by
the water was measured with a scale rule. Three samples
were measured per coating. Exceptions to the standard
set-up were made for the FCC105 coating and Whatman 4
filter paper. FCC105 coating was measured from directly
coated 25 x 75 mm? glass slides. Whatman 4 filter paper
strips, cut to the 3 x 75 mm? size, were attached to glass
slides only from one end, with the slide then placed on top
of the jar so that the filter paper strip was freely hanging
from it at right angles. The purpose of this method was to
avoid any additional capillary effect that could take place
between the porous paper and the glass slide.

2

2.5 Functional ink and aqueous test solution
characterisation methods

The surface tension of inks, as well as ethanol or surfactant
containing test solutions, was measured with a CAM200
contact angle measurement system (KSV, Espoo, Finland)
by the pendant drop method in a laboratory room main-
tained at 22 °C. Drops were formed with an integral dis-
penser using LH-L7902000 low-retention pipette tips (Sar-
torius Biohit Liquid Handling Oy, Helsinki, Finland). For
each liquid, ten drops were tested, with each drop being
measured ten times in succession at 1-s intervals.

The liquid contact angle between select test liquids and
native or printed coatings was evaluated with the same
CAM200 system by applying a 1-ul (ethanol or surfactant
solution) or a 4-ul (deionised water) drop on the substrate.
The contact angle was then measured at 1-s intervals for
a time period of 1-30 s from the application of the drop.
For each tested substrate and test solution combination, five
drops were measured.

Ink viscosity was determined with an MCR-300 rheome-
ter (Paar Physica, Graz, Austria) with a PP50 flat disc spin-
dle and a P-PTD 150 Peltier base plate. Viscosity measure-
ments were taken at a shear rate of 100 s~! at 30 °C. Three
samples per ink were measured, with each sample meas-
ured ten times in succession at 30-s intervals.
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Fig. 4 An example of the ring
test pattern, printed with PS ink
on FCC105 + MFC B-coated
substrate, with drop spacing of
20 pm and 1, 2, 3 and 4 ink lay-
ers, respectively

» &

® W

Ink drop mass was measured by jetting samples consist-
ing of 20 million drops on pre-weighed aluminium pans,
waiting overnight to ensure that all solvent had evapo-
rated and reweighing the pans to determine the dry solids
weights, from which the original sample mass in each case
could then be calculated. Ten samples were tested per ink.

2.6 Hydrophobic test patterns

The amount of hydrophobic ink per unit area required to
produce effective and reliable barriers on the substrates was
determined with a ring test pattern, consisting of a series
of rings with nominal 5 mm inner and 9 mm outer diam-
eters. Ring test patterns were printed on the substrates with
drop spacing values of 10, 15 and 20 pum, with the printed
rings containing 638 730, 193 352 and 110 716 printed pix-
els (drops) per ring, respectively. For comparison, the print
head nozzle diameter is 21.5 um. Effect of multiple ink lay-
ers, printed on top of each other after the previous layer had
dried, was investigated by printing up to 5 layers for the PS
ink and 2 layers for the AKD ink. Ten rings, printed in par-
allel, were tested for each studied combination of coating,
ink, drop spacing and number of ink layers. As an excep-
tion, FCC105 coating applied on glass was only tested with
8 rings, due to the smaller coated area on the plate limiting
the number of rings that could be printed in parallel.
Barrier properties of the rings were tested by pipetting a
10-ul drop of Amaranth red-dyed water on the centre of each
ring and allowing the drop to dry. Tests were conducted at
21-23 °C and 50-65 % RH. Figure 4 shows an example of
the ring test pattern after testing. Tested print settings were
considered to provide reliable hydrophobisation if all 10
tested rings contained the test liquid fully within the interior
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of the ring, while any leaking is considered to disqualify the
tested settings, with leakage defined as any spreading of the
colourant in the sample beyond the inner boundary of the
ring. It should be noted that the 10-pl drop has significantly
higher volume than can be absorbed by the coating within
the ring, and thus possible spreading of liquid beyond the
ring can be by capillary transport, surface spreading or com-
bination of both. Thus, to be successful, the ring test barrier
has to stop both surface spreading and capillary wicking.
The minimum functional hydrophobic barrier width was
evaluated by considering the blocking of purely capillary
transport using a separate previously demonstrated barrier
test pattern (Koivunen et al. 2015), consisting of 10 paral-
lel channels with barriers of 0.1-1.0 mm in nominal width
printed across their entrances, plus 1 control channel with
no barrier. For testing, patterns were cut off and placed ver-
tically in cylindrical jars (52 mm inner diameter, 65 mm
high) with approximately 4 mm of rhodamine B-dyed water
placed in the bottom. Jars were closed to restrict evapora-
tion. After 60 min, the barriers were visually assessed to
determine which ones had been wicked through and which
ones had successfully contained the water from entering the
channel. The narrowest barrier to contain water on a group of
10 identical test samples was defined as the minimum reli-
able barrier width, with the actual width of this barrier deter-
mined by image analysis of patterns scanned before the test
was conducted. Figure 5a—c displays the barrier test patterns.
To test the functional print resolution achievable, a series
of decreasing channel widths were evaluated in respect of
uninterrupted capillary transport. A channel pattern was
printed consisting of 16 parallel test channels (plus sev-
enteenth channel as end filler), each separated by barri-
ers of 1 mm nominal width. The flow channels varied in
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Fig. 5 Examples of test pat- (a)
terns. Barriers: a schematic, b

printed, c after testing. Chan-

nels: d schematic, e printed, f

after testing

(b)

(c)

nominal width from 0.5 to 2.0 mm in 0.1-mm intervals. To
determine in which channels liquid freely flows the whole
length of the channel, printed test patterns were placed
vertically in open cylindrical plastic jars (33 mm inner
diameter, 68 mm high) with approximately 4 mm of rho-
damine B-dyed water in its base. After 10 min, the samples
were observed to determine the narrowest channel where
water had reached the top. The narrowest channel where
water reached the top on a group of 10 identical test sam-
ples was defined as the minimum reliable channel width,
with the actual width of this channel determined by image
analysis of patterns scanned before the test was conducted.
Figure 5d—f illustrates channel width test patterns.

Ink spreading on the coatings was measured by printing
a line spreading pattern consisting of ten parallel lines, rang-
ing in nominal width from 0.1 to 1.0 mm. Furthermore, ink
spreading was also analysed from the printed ring test patterns.

Printed patterns were scanned with an Epson Expres-
sion 1680 flatbed scanner (Seiko Epson Corporation,
Nagano, Japan), and the scanned patterns analysed with
ImageJ 1.47v image analysis software (National Institutes
of Health, Bethesda, MD, USA). Scanning was conducted
at 1200 dpi (ring test patterns) or 3200 dpi (barrier, channel
and line spreading test patterns) resolution.

(d) T

33 mm

(e)

U]

’

3 Results and discussion
3.1 Coating and filter paper properties

Measured coating properties, together with those of the
reference filter paper, are listed in Table 4. Specific pore
volume is divided into intra-particle pore volume (found
within the nanopores situated inside the pigment particles),
inter-particle volume (the volume present between the par-
ticles in the coating compact) and combined pore volume
(intra-particle + inter-particle volume). It is important
to note that no deconvolution between the two regions is
made in the case where they overlap, but rather a simple
cut-off at the intersection point is applied. Cut-off diameter
d* indicates, therefore, the pore diameter at which the split
between intra- and inter-particle regions occurs, while a
second cut-off diameter d** indicates the upper measure-
ment limit of the inter-particle region. Porosity has been
calculated from basis weight, thickness and combined spe-
cific pore volume.

Surface strength and adhesion of the coatings were not
formally studied, but in general the binder-containing coat-
ings could be handled without coating disintegrating or
coming detached from the base substrate. However, writing
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Table 4 Measured substrate properties for coatings and filter paper

&

Porosity
0.14
0.10

0.

volume per unit
area (cm3m‘2)

32+£0.1
59+09

0.8

0.57
0.18
0.64
0.79
0.65

Combined specific d* (um) d** (um) Combined pore
0.8

pore volume
(em’g™")

0.10
0.30
1.05
2.80
3.88
2.96
1.98
2.87
2.08

Inter-particle
specific pore
volume (cm’g™")

0.10
0.18
0.59
1.56
2.38
1.69
1.16
1.80
1.27

Intra-particle
specific pore
volume (cm’g™")

0.00
0.13
0.46
1.24
1.50
1.27
0.82
1.07
0.82

241
16 +1
31+1
23+1
25+6
21 +1
21 +1
12+2

(in 5 min) (mm)
3241

Wicking distance

Thickness
(dry) (um)
23+£2
58 +£2
62+2
27+2
73+ 10
65+2
70 £ 2
60 £2
716 £ 6

Basis weight
(dry) (gm™)
320+ 14

GCCI2 + MFCA
FCC40 + MFC A

Substrate

Springer

1.8
7.8

19.8 £2.9
140+24
41+14

24
43

147+£25
11.5+3.9
66.3£7.0
488 £ 7.7

354+ 1.6

FCC105 + MFC A
FCC105 + MFC B
FCC105 + MCC

0.

9.3

0.91
0.

9.3

17.1 £ 1.8
16.5+2.6
179 £0.8
11.8£0.5
222 +1.7

75

9.3

FCC105 + CMC

0.51
0.56

0.6

9.3

0.8

FCC105 + PVOH
FCC105 + latex

339+ 14
46.2 £3.5

9.3

0.8

1

9.3

0.8

FCC105 + sodium

silicate

FCC105

41+ 4
57+4

18.8 + 3.1
922422

0.54

1134 +£2.7

1.23

1.23

210+ 8

Whatman 4

Dash (-) indicates that the property in question could not be measured for the given substrate. Values are given with 95 % confidence intervals where available

on a coating with fine pencil generally resulted in coating
coming loose in most cases, with the specific exceptions
of GCC12 4+ MFC A and FCC105 + MFC B. Since the
samples were printed with inkjet, a non-contact method,
they did not come into contact with any moving parts dur-
ing the printing, and so surface strength was not critical in
this study. One of the coatings, FCC105 + MCC, had very
poor adhesion and could be removed from the base sub-
strate very easily, making this coating difficult to measure
and possibly creating measurement errors.

As regards thickness, most of the coatings are in a simi-
lar range (58-76 um average thickness). However, two
coatings are significantly thinner, being under 30 pum thick.
Out of these, the GCC12 4+ MFC A coating has very low
specific pore volume, while FCC105 + MFC B coating is
highly porous but was coated from a slurry with very low
solid content (4.4 w/w%) without any added dispersant. For
FCC105 coating with no binder, the thickness could not be
reliably measured, since the poor adhesion resulted in some
of the coating breaking off during the measurement and
then adhering to the measurement spindle platen. Also due
to poor adhesion, this pigment could not be applied to alu-
minium foil for porosity measurements. It would have been
possible to measure pore volumes from a pressed tablet
instead, but this was not pursued due to the wish to main-
tain equivalent sample preparation conditions.

Wicking speed was recorded visually using rhoda-
mine B solution. In all coatings, there was slight separa-
tion between the colourant and water, due to a chroma-
tographic effect depleting the colourant at the wetting
front, so the wicking distance had to be measured eventu-
ally from the less visible water front that was a few mm
ahead of the very easily visible colourant front. As can be
seen from the results, Whatman 4 filter paper had faster
wicking speed than any of the coatings. The pure FCC105
coating without any binder had the fastest wicking speed
among the set of coatings, while addition of binders to
FCCI105 resulted in coatings with a variety of wicking
speeds: styrene acrylic latex, common in commercial
paper coatings, resulted in the slowest wicking speed,
while MFC A binder resulted in the fastest wicking speed.
However, this property of MFC A to produce highly wick-
ing coatings is not independent of the pigment: combining
it with low surface area FCC40 resulted in a more slowly
wicking coating and combining it with GCC12 resulted
in an almost totally non-wicking coating. FCC pigment
with higher specific surface area than those presented in
this study could be expected to produce higher wicking
speeds and thus bring the coatings closer to filter paper in
this aspect. Practical paperfluidic applications require that
liquid traverses the channels within a reasonable time,
thus wicking speed sets a limit for the maximum practical
dimensions of a device.
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The results above suggest that designing a fast wicking
coating requires an optimal combination of both pigment and
binder, where the hydrophilicity of the binder and its distri-
bution amongst pores, affecting primarily pore connectivity,
are crucial factors. It is known that certain hydrophilic bind-
ers present in the coating, such as polyvinyl alcohol (PVOH)
(Lamminmiki et al. 2009) undergo swelling when exposed
to water, resulting in dynamic reduction in pore radii as
water wicks along the coating. Amongst the binders present
in this study, also the various cellulose-based binders (CMC,
MCC, MFEC) are likely to exhibit such swelling or even solu-
bility in some cases. Nonetheless, it can be concluded that
effecting different combinations of pigment and binder will
result in different wicking speeds, additionally also affected
by the amount of binder present. It should, thus, be possible
to engineer new speciality coatings with very specific wick-
ing speeds and functional material interactions.

3.2 Functional ink properties

Table 5 lists the measured physical characteristics and
selected print settings for the studied inks. Jetting fre-
quency and voltage were selected so as to give satisfactory
drop formation and reliable print performance with the
chosen waveforms. Jetting speed was estimated with the
integral drop monitoring camera of the DMP-2831 printer.

Values for the AKD ink are given for the version dyed
with Sudan Red G, used for printing most of the test pat-
terns. AKD inks dyed with the other two colourants were
not explicitly measured, though they are assumed to be
very similar since they resulted in similar jetting perfor-
mance with the same print settings.

Table S Ink characteristics: values given with 95 % confidence inter-
vals where available

Regarding viscosity, it is worth keeping in mind that the
used shear rate of 100 s~! is not representative of the high
shear rates, typically from 10° to 10% s™!, present within the
piezoelectric inkjet nozzle, though it is generally suitable
for capturing some remnant of static viscoelastic behaviour,
if present, which should be avoided in respect of initiating
ink ejection from the print head chamber. However, espe-
cially polymer solutions, such as the PS ink, may have dif-
ferent rheological behaviour under high shear rates due to
thixotropic and shear-induced viscoelastic effects. Ink flow
in confined regions through the print head, in respect of the
combination of microscale channels in the head (typically
10-100 wm) and the associated volume flow rate(s), results
in these high shear rate effects.

The jetted ink volumes and hydrophobising agent con-
tents per unit area as a function of drop spacing are listed
in Table 6 for both inks, calculated based on the measured
drop mass. The values shown do not take into account the
ink spreading taking place on the substrate, depending on
the substrate properties, printing conditions and printed
pattern.

3.3 Ring tests with PS ink and water

With PS ink, reliable hydrophobic ring test patterns were
successfully printed on all tested binder-containing coat-
ings, on condition that sufficient amount of ink was
applied. Table 7 specifies the number of printed layers with
different drop spacing settings required for reliable hydro-
phobic barriers on coatings with PS ink. The table also lists
the weight (w/w) ratio of applied polystyrene to that of the
porous layer (coating or filter paper), with the weight cal-
culated from coating or filter paper basis weight and the
actual area of the printed ring, as well as the volume (v/v)
ratio of a single ink layer to that of the pore volume under
the printed area, with the pore volume calculated based on
the actual area of the printed ring, basis weight and com-
bined specific pore volume.

The only case where no reliable hydrophobic ring could
be produced was on the pure FCC105 coating, with no
binder included. However, with this coating, using 10-um
drop spacing and 4 or 5 layers of PS ink came very close
to producing ring barriers that worked, reporting suc-
cess for 6 or 7 out of 8 tested rings, respectively. PS ink

Ink PS ink AKD ink
Viscosity (mPa s) 1.27 £ 0.04 0.62 +0.03
Surface tension (mN m™}) 27.8 £0.1 28.1 £0.3
Drop mass (ng) 80=£1.1 83+0.6
Jetting frequency (kHz) 6.0 2.0

Jetting voltage (V) 18.0 17.0
Jetting speed (m s™}) 6 5

Table 6 Jetted ink volume and Ink

hydrophobising agent contents

Ink volume per unit area (cm®m™?)

Hydrophobising agent per unit area (g m~2)

per unit area, as a function of 10 ym 15 pm 20 pm 10 pm 15 um 20 um
drop spacing
PS 93.0+12.8 413 +£5.7 233+£32 40+£06 1.8+0.2 1.0£0.1
AKD 96.5+7.0 429 +3.1 241+£17 42+£03 1.8 +0.1 1.0+ 0.1

Values given with 95 % confidence intervals

@ Springer



83 Page 12 of 21

Microfluid Nanofluid (2016) 20:83

Table 7 Number of printed layers required to produce effective ring barriers with PS ink at different drop spacing values

Substrate Number of ink layers at drop spacing PS to porous layer ratio (w/w) Ink to pore volume ratio (v/v)
10 um 15 um 20 um 10 um 15 um 20 um 10 um 15 um 20 um
GCCI12 + MFC A 2 layers 2 layers 5 layers 0.20 0.06 0.13 22.66 7.83 5.89
FCC40 + MFC A 2 layers 4 layers No barrier 0.31 0.26 - 12.48 5.13 -
FCC105 + MFC A 3 layers No barrier Not tested 0.96 - - 6.99 - -
FCC105 + MFC B 1 layer 2 layers 4 layers 0.78 0.60 0.86 6.44 2.49 1.76
FCC105 + MCC 3 layers No barrier Not tested 0.82 - - 1.63 - -
FCC105 + CMC 3 layers No barrier Not tested 0.75 - - 1.97 - -
FCC105 + PVOH 3 layers No barrier Not tested 0.70 - - 2.74 - -
FCC105 + latex 1 layer 1 layer No barrier 0.35 0.14 - 2.86 1.21 -
FCC105 + sodium silicate 3 layers No barrier Not tested 0.64 - - 2.37 - -
FCC105 No barrier No barrier Not tested - - - - - -
Whatman 4 3 layers No barrier Not tested 0.15 - - 0.94 - -

“No barrier” indicates no reliable barrier was achieved with 5 printed layers

hydrophobises porous material by having polystyrene
molecules adsorb onto pore surfaces and covering the
native surface chemistry. The difficulty in hydrophobis-
ing the native FCC105 pigment, when comparing with
the same pigment mixed with binders, might be due to the
higher specific surface area of the native pigment requiring
a greater amount of hydrophobic agent to cover it and/or
the inability of the larger ink polymer molecules to enter
the nanopore structure, which is accessible by water mol-
ecules, and observed by both the nitrogen adsorption used
for measuring specific surface area and permeation under
pressure in the mercury porosimetric evaluation.

As regards the coatings containing binder, it was possi-
ble with the 10-um drop spacing to generate reliable barri-
ers on all of them, though typically necessitating multiple
printed ink layers. This drop spacing setting provided the
highest tested ink volume per substrate area ratio. Inter-
estingly, in this study, Whatman 4 filter paper required 3
layers for successful hydrophobisation, compared with
an earlier study by the authors where a single layer with
similar ink, albeit applying a different test pattern and dif-
ferent print settings, was sufficient (Koivunen et al. 2015).
The difference in ink demand is likely to be due to smaller
drop sizes related to different print settings, though unfor-
tunately drop mass was not measured in the earlier study to
support this supposition. While 3 layers were sufficient to
hydrophobise the Whatman 4 in the present study, we see
that this same loading was also sufficient to hydrophobise
any of the binder-containing coatings. However, making
such a comparison requires that the high basis weight of
the filter paper should also be taken into consideration, i.e.,
a lower weight of polystyrene at 10-um drop spacing was
required to hydrophobise a unit weight of Whatman 4 than
per unit weight of any of the coatings. To understand this
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relationship is complex, since cellulose fibres are highly
reactive to water, including dimensional change (swelling),
fibre interstitial water absorption and fibril internal water
sorption, returning a typical specific surface area for BET
water sorption of ~128 m?g~!. However, the mechanism of
hydrophobising is not only related to surface chemistry but
is highly dependent on length scale. The length scale of cel-
lulose fibres is far greater than that of pigments (frequently
greater than x10), and so it is possible on cellulose fibres
to achieve hydrophobising via the well-known paper sizing
mechanism, whereby only surface spots of hydrophobicity
on a fibre are required to halt the wetting line for water as
it travels the surface length of the fibre, i.e., not all the sur-
face area requires to be hydrophobised in order for a fibre
matrix filter paper to exhibit non-wetting by water. The
pore structure of coatings, in contrast, inevitably requires
hydrophobising minimally at the points of permeation pore
connectivity, which are necessarily more numerous than
the required points of hydrophobising along a fibre length
due to the significantly shorter length scale of the coating
structure.

With the 15-pum drop spacing, reliable barriers were pro-
duced on four of the different coatings. As little as a sin-
gle ink layer was seen to be sufficient to hydrophobise the
FCC105 + latex coating at this drop spacing. This effect
is presumably due to the reduced pore connectivity and/or
surface area caused by the binder, as well as the latex itself
resulting in less hydrophilic pore surface chemistry.

At 20-um drop spacing, reliable barriers with PS
ink were produced only on the GCC12 + MFC A and
FCC105 + MFC B coatings. This is presumably due to
these two coatings being significantly thinner than the rest,
enabling full-depth penetration of the coating with a lower
applied ink volume. As for other substrates, most of them
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were not even tested with this drop spacing, due to failing
to produce reliable barriers already with the 15-um drop
spacing.

Examination of the ink to pore volume ratio v/v in
Table 7 shows that ratios are almost always higher than 1,
with the exception of Whatman 4, which is slightly below.
Values above 1 indicate that the volume of the ink applied
per layer is larger than the native pore volume that the print
has actually covered. This is possible due to the relatively
slow speed of the printer, allowing significant amounts of
solvent to evaporate during the printing and freshly depos-
ited ink to flow to previously printed regions that have
already partially dried. With a high-speed printing set-up,
such an effect would be significantly reduced, possibly
replaced instead by higher pattern spreading due to excess
ink flowing into empty pores, and poorer hydrophobisation
due to lower concentration w/w of polystyrene to coating in
the final paperfluidic device.

3.4 Ring tests with AKD ink and water

In the case of AKD ink, reliable barriers were produced on
every tested coating except on the one employing sodium
silicate as a binder. Table 8 lists the number of printed lay-
ers required to form reliable hydrophobic barriers on the
various coating substrates with AKD ink. Ratio w/w or v/v
of AKD to coating has not been calculated, due to difficul-
ties in determining the exact treated area from the samples
and due to most samples only requiring a single layer of
AKD, thus lacking differentiation at the lower limit of ink
volume applied.

Table 8 Number of printed layers required to produce effective ring
barriers with AKD ink

Substrate Number of ink layers at drop spacing
10 um 15 um 20 um
GCC12 + MFC A 1 layer 1 layer 1 layer
FCC40 + MFC A 1 layer 1 layer 1 layer
FCC105 + MFC A 1 layer 2 layers 2 layers
FCC105 + MFC B 1 layer 1 layer 1 layer
FCC105 + MCC 1 layer 1 layer 2 layers
FCC105 4+ CMC 1 layer 1 layer 1 layer
FCC105 4+ PVOH 1 layer 1 layer 1 layer
FCC105 + latex 1 layer 1 layer 1 layer
FCC105 + sodium silicate ~ No barrier ~ No barrier ~ No barrier
FCC105 1 layer 1 layer No barrier
FCCI105 (not heated) 1 layer 2 layers No barrier
Whatman 4 1 layer 1 layer 1 layer

“No barrier” indicates no reliable barrier was achieved with 2 printed
layers. All samples were heat-treated post-printing, except for the one
indicated as “(not heated)”

The hydrophobisation mechanism of AKD is based on
reaction with hydroxyl groups. These groups can be found
on FCC in the form of hydroxylapatite, as well as in cel-
lulose and polyvinyl alcohol, but not on sodium silicate.
Presumably, the large amounts of sodium silicate (50 parts
wlw to 100 parts of FCC105) covered the hydroxylapatite
surfaces on FCC105 + sodium silicate coating to such an
extent that there was little or no native pigment surface left
for the AKD to react with. However, increased amounts
of deposited AKD still reduced the extent of spreading of
drops on the coating, suggesting that even the unreacted
AKD was able to reduce spreading on this coating.

For the binders other than sodium silicate, therefore,
AKD ink provided effective hydrophobisation on all the
tested drop spacing settings and with fewer ink layers
than required for PS ink. Superior performance at 15- and
20-um drop spacing values suggests that AKD ink, with
lower viscosity, penetrates deeper into the substrate than
PS ink. The lower number of layers required indicates that
AKD is more effective in hydrophobising, possibly due to a
smaller molecular size allowing it to spread more evenly or
to occupy a greater number of key hydrophobising points.
Furthermore, instead of only covering highly hydrophilic
hydroxyl groups on the coating pore surface, it replaces
them with hydrophobic hydrocarbon chains.

The aspect of hydrophobising agent positioning within
the porous network structure is itself considered to be self-
optimising in two ways, (1) the concentration of the hydro-
phobising agent will be greater where the greater volume
of the liquid phase of the ink has flowed during its appli-
cation, and, thus, is correctly positioned to prevent subse-
quent flow after treatment, and (2) assuming a mechanism
of pore surface adsorption, as proposed here, will provide
an optimal distribution of the AKD over the original hydro-
philic sites driving the wetting force.

As with PS ink, pure FCC105 coating without binder
proved to be slightly more difficult to hydrophobise than
the same pigment combined with binder, with the pigment
alone not reliably hydrophobised at 20-um drop spacing.
This coating was also tested without post-printing heat
treatment, in which case reliable barriers could be pro-
duced, though requiring 2 layers instead of 1 at 15-um
drop spacing. As mentioned earlier, AKD was originally
designed for hydrophobising cellulose fibres and for that
application heat treatment is generally considered as a
necessary step to ensure that AKD molecules react with
hydroxyl groups. Most commercial paper coating pigments
do not feature hydroxyl groups and thus are unlikely to
react with AKD, with FCC forming an exception.

As an alternative to a solvent-based solution, AKD can
be printed as aqueous emulsion (Wang et al. 2014), reduc-
ing solvent emissions from the printing process. With plain
cellulosic paper, such an ink could be problematic for mass
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production, since the water volumes involved might result
in weakening of inter-fibre bonds while wet, possibly lead-
ing to web breaks in roll-to-toll production, and in curling
of the paper while drying. However, with multi-layer coat-
ings, as discussed in the introduction, the base paper can
be isolated from the aqueous emulsion, thus avoiding run-
nability issues. The main drawback of aqueous AKD emul-
sion compared with xylene-based solution, as employed
in this study, could be limited emulsion shelf life due to
spontaneous reaction between AKD and water, as well as
possible challenges in colouring it while developing water
fastness in subsequent practical applications.

3.5 Ring tests with AKD ink and low surface tension
liquids

In addition to dyed water, ring tests were performed also
with low surface tension liquids, consisting of five ethanol
solutions and one surfactant solution. These were tested
on the ring test pattern printed on the MFC105 + MFC A
coating with 2 layers of AKD ink applied at 20-um drop
spacing, found previously to be able to contain water in
the same test environment. Properties of the test liquids
and their performance in breaching the AKD ring are listed
in Table 9. Minor leaking indicates that the liquid spreads
beyond the inner boundary of the ring, while major leaking
indicates that it spreads beyond the outer boundary of the
ring.

Testing of hydrophobic printed barriers with low surface
tension liquids has been performed previously both with
aqueous surfactant solutions (Olkkonen et al. 2011) and
with various organic solvents (Maejima et al. 2013; Wang
et al. 2014). The test liquids in the present work are likely
to undergo a dynamic surface tension shift during drying
of the liquid drop. In case of surfactant solution, surface
tension is expected to decrease during drying as surfactant
concentration increases, while for water—ethanol solutions
surface tension is expected to increase as ethanol presuma-
bly evaporates faster from the surface than water. The latter

Table 9 Properties of aqueous low surface tension liquids

Ethanol content  Surfactant Surface tension ~ AKD ring

(W/w%) content (mNm™") penetration
(W/w%)

0 1 452 +£0.7 Major leaking

15 0 44.1+£0.8 Holds

20 0 393+ 14 Holds

25 0 364+1.0 Minor leaking

30 0 33.7+£0.9 Minor leaking

40 0 30.1 £ 04 Major leaking

Surface tension listed with 95 % confidence interval
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phenomenon was experimentally confirmed for the test
liquids with surface tension of drops monitored for 10 min
during drying (data not included). Additionally, in the case
of the surfactant solution, we may also expect Marangoni
(“coffee stain”) effects to occur, in which the surfactant
concentration will increase even further at the interface
between the test solution and the barrier, thus increasingly
aiding wettability. Surface tension values given in Table 9
are for a fresh drop prior to any evaporation.

As shown in Table 9, increasing ethanol content in etha-
nol-water solutions resulted in decreased surface tension
and increased containment ring penetration, with solutions
up to 20 w/w% held fully within the ring. Initially unex-
pectedly, the surfactant solution, which had higher surface
tension than the water—ethanol solutions, could penetrate
the rings. However, this becomes less surprising when we
consider the effects of surfactant differential concentration
discussed previously. For comparison, in a previous study
of printed AKD barriers on Whatman 1 filter paper, dime-
thyl sulfoxide (43 mN m~') and glycerol (64 mN m™})
could be contained by the barriers, while the same barri-
ers were penetrated by methanol (22 mN m™}), isopropanol
(23 mN m™"), toluene (28 mN m~") and 1 % Triton X-100
solution (33 mN m™!) (Wang et al. 2014).

After the low surface tension test liquids in the pre-
sent evaluation had dried, fresh 10-ul drops of rhodamine
B-dyed water were applied to the rings that had been pen-
etrated by surfactant solution and 40 w/w% ethanol solu-
tion. When applied to the surfactant-penetrated ring, almost
immediate major leaking of the water resulted, while on the
ethanol-penetrated ring, only slow minor leaking resulted.
This suggests that the surfactant had not only concentrated
at the barrier interface but had adsorbed to the hydropho-
bised areas, turning them hydrophilic. Although ethanol
solution would be expected not to have been able to affect
reacted AKD, it may have transported unreacted AKD mol-
ecules with the flow, thus reducing the hydrophobicity of
the ring barrier. This could explain why some subsequent
penetration by post-added water could occur, though far
less than in the case of the surfactant. The results suggest
that surfactant solutions and organic solvents may penetrate
hydrophobic barriers to different degrees and in different
manners, and that results obtained for surfactant solution
of a given surface tension may not necessarily apply to
organic solvent solution of similar surface tension, and vice
versa. The ability of the surfactants to convert hydropho-
bised pore surfaces back to hydrophilic can also be applied
to create paperfluidic valve mechanisms (Chen et al. 2012).

3.6 Surface contact angles

To evaluate further the interaction between water and
low surface tension liquids with hydrophobised areas,
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Fig. 6 Contact angle of
liquid as a function of time

for various printed surfaces on
FCC105 4+ MFC A coating,
with 95 % confidence intervals
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10 x 170 mm? rectangles were printed on the same
FCC105 + MFC A-coated PP substrate, as used for the
previous experiments, with both PS and AKD inks. PS ink
was printed at 15-um drop spacing and 1-5 layers, while
AKD ink was printed at 20-um drop spacing and 1-2 lay-
ers. Contact angle as a function of time was measured for
all of these printed surfaces, as well as unprinted coating,
with deionised water. Surface printed with 2 layers of AKD
ink was additionally measured with 20, 30 and 40 w/w%
ethanol solutions and 1 w/w% Tween 80 surfactant solu-
tion. Measured liquid contact angles as a function of time
are presented in Fig. 6.

In the case of either incompletely hydrophobised or
unprinted surface, the understanding of what is meant by
contact angle cannot follow classical models when the sur-
face is completely hydrophilic. This is due to the presence
of a connected network of pores acting 3-dimensionally
beneath and at the limits of the drop meniscus, in which
liquid may absorb and be transported both into the sample
pore volume and laterally internally in the structure inde-
pendent of the bulk contact meniscus. In turn, this trans-
ported liquid acts to distort the bulk contact meniscus
should it be found to emanate from the surface beyond
the limits of the droplet. In this case, one can only record
an apparent contact angle since the pore structure cannot
be considered as a surface roughness in a classical Wen-
zel case (Wenzel 1936). In the case of strongly hydropho-
bised coatings, a Cassie-Baxter droplet surface configura-
tion (Cassie and Baxter 1944) could in theory, however, be
assumed.

In the present study, reduction in measured contact angle
for liquid as a function of time was largely due to reduction

in measured drop volume caused by absorption of the drop
into the coating. In the case of either unprinted coating or
after 1 layer of PS ink is applied, this absorption was so fast
that no apparent contact angle could be determined, and
so these samples are omitted in Fig. 5 for clarity. For the
other PS ink printed samples, the apparent contact angle
increases as the number of printed layers increases, but
always remains under 90° after 30 s. None of these PS ink
print settings produced reliable barriers with the ring test,
either.

With AKD ink, 1 layer results in a retained very low
apparent contact angle with water, while 2 layers result in
quite high contact angle of over 140°. With ethanol solu-
tions, contact angles are under 90°, with increasing ethanol
content resulting in further lowering of the contact angle.
This also applies for 20 w/w% ethanol solution, which
could not penetrate the ring test pattern, but on this test
could, nonetheless, be observed to be absorbed into the
coating. This suggests that there may be uneven distribution
of AKD within the printed area, with higher concentrations
on the print edges, which form the critical barrier region
within the ring test pattern, and a reduced concentration in
the central print areas where the drop is applied during the
contact angle measurements. Such uneven distribution of
AKD from solution likely results from Marangoni flows,
i.e., the oft-observed coffee stain effect, also discussed pre-
viously in the case of surfactant concentration distribution,
transporting AKD to the edges of the printed pattern during
drying. With Tween 80 solution, the contact angle is ini-
tially above 90°, but goes progressively below 90° within
30 s. This is related to the typical diffusion delay before
surfactant can concentrate sufficiently at the wetting front.

@ Springer
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Fig.7 Relative line widths for various printed lines on
FCC105 4+ MFC A coating, expressed as percentage gain in relation
to nominal line width

3.7 Line and ring spreading

Line spreading as a function of nominal line width was evalu-
ated for a few selected combinations of ink and print settings
on the MFC105 4+ MFC A coating, applying the line spread-
ing test pattern. With both PS and AKD inks, only a single
layer of ink was printed for this pattern. Figure 7 displays the
measured line widths, where the values shown are measured
from the colourant contained within the inks, and not from
the actual hydrophobising agent, since the latter cannot be
optically identified by a scanner. It is possible that the hydro-
phobising agent has in some cases spread farther than the col-
ourant. AKD ink samples were printed with added blue dye
colourant, producing sharply defined patterns. Line spreading
was measured from 3 samples in the case of PS inks and from
9 samples for AKD containing inks.

As shown in Fig. 7, narrower lines spread relatively
more than wider lines. Assuming that the hydrophobis-
ing agent would spread evenly over this area, this would
then result in fine patterns having a lower concentration of
said agent per unit area. However, as we saw earlier due
to the edge concentration effects, such even distributions of
hydrophobising agent over the area may not actually occur.
With PS ink, increasing the amount of ink volume per unit
surface area, by reducing drop spacing from 15 to 10 pm,
resulted in a noticeable increase in line spreading. For the
AKD inks, the measured line spreading is lower than for
the PS inks; this may be due to greater separation of the
blue dye from the carrier solvent when compared with
Sudan Red G.

Pattern spreading for the printed rings was also meas-
ured as a function of drop spacing, as shown in Fig. §, for
rings printed with PS ink on the two exemplified coatings.
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Fig. 8 Relative ring area spreading as a function of drop spacing for
rings printed with PS ink on FCC40 + MFC A and FCC105 + MFC
B coatings

The scanned rings have been printed with 3 (10-um drop
spacing) or 4 (15- and 20-um drop spacing) layers of ink.
In this case, the spreading is expressed in terms of relative
increase in the ring area, i.e., two-dimensional gain rather
than the one-dimensional gain measured for lines.

As shown in Fig. 8, increasing the applied ink volume to
unit surface area ratio by reducing the drop spacing results
in increased pattern spreading, though it also results in fewer
layers required for hydrophobisation, as demonstrated previ-
ously in Table 7. Thus, applying higher volumes of PS ink to
reduce the number of printed layers will also result in poorer
resolution due to increased pattern spreading. Interestingly,
the area spreading is very similar in both of the coatings,
even though FCC105 + MFC B coating is significantly thin-
ner. Furthermore, reducing the drop spacing resulted in the
edges of the printed rings becoming more irregular. This can
be expressed in terms of circularity, which is defined as

Circularity = 47 AP~ (1)

where P in this case is the exterior perimeter of the ring and
A the area inside this perimeter. Circularity ranges from 0
to 1, with an ideal circle having the value 1 and lowering
values expressing increasing deviation from the ideal. Eval-
uating with Image] software, the circularity of the rings
printed with PS ink on FCC105 4+ MFC B, resulted in cir-
cularity values of 0.88 + 0.02, 0.86 & 0.03 and 0.65 £+ 0.04
for the rings printed at 20-, 15- and 10-um drop spacing,
respectively.

3.8 Minimum channel width

Minimum channel width was evaluated with samples
printed on FCC105 + MFC A coating with 2 layers of
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AKD ink at 20-um drop spacing. All tested channels
allowed water to wick the full length of the channel within
the observed 10 min time period. The narrowest chan-
nel measured as 468 £ 12 ym wide for a nominal width
of 500 um, with measurement once again taken from
the scanned image defined by the colourant contained
within the hydrophobic ink. For comparison, channels of
561 £+ 45 pm width have been reported by the Whitesides
group for chromatography paper patterned with a com-
mercial hot melt wax inkjet printer (Carrilho et al. 2009a),
while channels of 272 £ 19 um width have been achieved
with experimental inkjet printed UV-curing polymer on fil-
ter paper (Maejima et al. 2013).

Even narrower channels than the ones tested in this study
are likely to be achievable with custom-designed pigment
coatings by applying thinner coatings and more carefully
selected ink volumes than considered in this study. Further-
more, the laboratory rod coating method used in this study
is likely to limit the achievable channel resolution, since it
tends to produce local variation in coating thickness, which
can result in uneven printed pattern edge definition as lateral
ink spreading differs between thinner and thicker regions of
coating. The extent of local variation in coating thickness
was not explicitly studied in this work. Other coating meth-
ods, such as standard blade and smooth bar rod coating,
would be expected to produce more even results, with the
most preferable likely to be curtain coating for the applica-
tion of these speciality porous structured coatings.

Channel and barrier dimensions together define how many
parallel assays can fit within a given substrate area. For self-
contained assays to be used in the field, the capabilities of
the unaided eye as assessor of the result(s) set their limita-
tions for device design, since colorimetric devices with very
small detection zones may become difficult to read. However,
for platforms intended to be used as research tools in labo-
ratories, where external readers and microscopes are readily
available, fine resolution may allow for larger numbers of
assays to be run on parallel, thus increasing efficiency.

The wicking front travel times for individual channels
were not measured in this study, but water seemed to travel
quicker on the wider channels than on the narrower chan-
nels. This observation matches with previous studies of
printed wax channels on cellulose filter papers, on which
water was discovered to travel slower in narrower printed
channels (Hong and Kim 2015). This is likely to be related
to the constriction effects of the narrower channels involv-
ing the barrier edge non-uniformity and dependence on vis-
cous flow in restricted capillary regions.

3.9 Minimum barrier width

Minimum barrier width was evaluated with sample prints
on FCC105 + MFC A coating with 2 layers of AKD ink at

20-pm drop spacing. The narrowest achievable reliable bar-
rier had, coincidentally, also SO0 um nominal width and was
measured as 496 £+ 12 um real width, based on colourant.
For comparison, in a previous study by the authors, barriers
of 566 + 191 pum could be patterned on Whatman 4 filter
paper using 6 w/w% AKD ink without colourant (Koivunen
et al. 2015), while barriers of 850 & 50 um width have been
reported for chromatography paper with wax printing (Car-
rilho et al. 2009a) and barriers of 425 4 26 um width have
been reported for UV-curing polymer on filter paper (Mae-
jima et al. 2013). As with channels, narrower reliable barri-
ers on coatings may be achievable by thinner coating layers.

Close observation of the barrier test samples after testing
revealed slight spreading of test liquid that had breached a
barrier into the walls separating the channels beyond the
barrier. This phenomenon is illustrated in Fig. 9. Of par-
ticular interest is that this spreading does not seem to hap-
pen evenly, as can be seen from the detail shown in Fig. 9b.
No such phenomenon could be observed on ring test pat-
terns with the same coating and print settings.

3.10 Effect of printing on coating pore structure

A study was conducted to test the feasibility of measur-
ing the effect of printed hydrophobising on the coating
pore structure. For this, 30 x 130 mm? rectangles were
printed on FCC40 4+ MFC A and FCC105 + MFC A coat-
ings, applied on aluminium foil, with various print settings.
Chosen coatings, print settings and resulting specific pore
volumes, with cut-off diameters as previously defined, are
listed in Table 10. Samples printed with AKD ink, coloured
with yellow dye, were tested both with regular post-print-
ing heat treatment (“heat-treated”) and without heat treat-
ment (“no heating”) in order to investigate whether the
heating would affect spreading.

Due to the exploratory nature of this part of the study,
only a single sample was measured per print setting. How-
ever, the results seem to indicate that changes in pore vol-
ume resulting from the deposition of the printed hydrophobic
agent can be detected with this method. Thus, the method
can be applied in future with larger sample sizes to evalu-
ate statistical significance of the measured changes. The
results also demonstrate that only part of the pore volume
is filled by the hydrophobising agent, as could be expected
to take place with inks of only 5 w/w % dry solid content.
This again confirms that the blocking of capillary transport
within the pores is by surface chemistry modification, not by
the filling of pores. Regarding the blocking of liquid spread-
ing, only one of the settings used for PS ink, that of 5 layers
on FCC40 + MFC A, could actually produce reliable barri-
ers with the ring test pattern. AKD ink on the other hand was
deposited with settings that would produce reliable barriers
with the ring test, at least if heat-treated post-printing.
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Fig. 9 Spreading of test liquid (a)
after breaching the barrier: a
scanned picture of channels and
walls beyond breached barriers,
b optical microscope picture
showing detail of one inter-
channel wall

4 mm
—]

(b)

Table 10 Specific pore volume as a function of printed layers

Coating Printed ink Intra-particle Inter-particle Combined specific d¥ (um)  d¥* (um)

specific pore specific pore pore volume

volume (cm3g_1) volume (cm3g_1) (cm3g‘1)
FCC40 + MFC A None 0.12 0.18 0.30 0.18 1.8
FCC40 + MFC A AKD, 2 layers, no heating 0.12 0.18 0.30 0.18 1.8
FCC40 + MFC A AKD, 2 layers, heat-treated ~ 0.13 0.20 0.33 0.18 1.8
FCC40 + MFC A PS, 1 layer 0.11 0.18 0.29 0.18 1.8
FCC40 + MFC A PS, 2 layers 0.08 0.18 0.26 0.18 1.8
FCC40 + MFC A PS, 5 layers 0.02 0.14 0.16 0.18 1.8
FCC105 4+ MFCA  None 0.46 0.59 1.05 0.64 7.8
FCC105 + MFCA  AKD, 2 layers, no heating 0.36 0.46 0.82 0.64 7.8
FCC105 + MFCA  AKD, 2 layers, heat-treated ~ 0.37 0.53 0.90 0.64 7.8
FCC105 + MFCA  PS, 1 layer 0.42 0.58 1.00 0.64 7.8
FCC105 + MFCA  PS, 2 layers 0.35 0.51 0.86 0.64 7.8
FCC105 + MFCA  PS, 5 layers 0.29 0.51 0.80 0.64 7.8

AKD ink printed with 20-um drop spacing, PS ink printed with 15-um drop spacing

4 Conclusions and future work

This study demonstrates the feasibility of printing hydro-
phobic patterning on coatings consisting of hydrophilic,
nanoporous FCC and a variety of binders. However, such
coatings are challenging to hydrophobise, as demon-
strated by the numerous cases where printing of multi-
ple ink layers was required for reliable local hydropho-
bisation of the coating. Compared with cellulose filter
papers, a higher amount of hydrophobising agent was
required to hydrophobise a unit weight of porous mate-
rial. This may be due to the much shorter length scale of
the coating compared with ordinary cellulose fibres and
the highly hydrophilic nature of the pigment contained
in the coatings. Even lower surface area GCC12 + MFC
A coating required multiple layers of polystyrene ink for
reliable barriers, supporting the relation to shorter length
scale and resulting greater complexity of the coating pore
network.

@ Springer

Although the speciality pigment FCC features a highly
hydrophilic surface chemistry and highly porous structure,
it does not solely dominate the wicking nature of the coat-
ing. This becomes apparent when comparing the wicking
speeds for the different coatings, which varied significantly
based on the chosen binder. Also, different versions of FCC
result in different wicking speeds, as can be seen from
comparison of FCC40 + MFC A and FCC105 + MFC A
coatings, where FCC105-containing coatings demonstrate
clearly superior wicking speeds related predominantly to
the higher surface area and associated greater pore num-
ber. In future, the authors will also test coatings featuring
an FCC version with higher specific surface area than those
presented in this study, and this is expected to result in
faster wicking speeds.

The high specific surface area of FCC pigments can
provide unique advantages for diagnostic applications. For
example, if the substrate is used for chromatographic sepa-
ration of sample liquids, solutes and/or suspended colloidal
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particles, either by virtue of the native FCC surface chemis-
try or by further surface treatment, there is a larger surface
area for sample to adsorb on or otherwise interact with.
Finally, the volume capillary wicking capacity control of
speciality coating structures including FCC clearly offers
an advantage over that of traditionally applied cellulosic fil-
ter paper.

FCC pigments presented in this study are experimental
and not commercially available. Thus, at the time of the
writing, it is not possible to give a reliable cost compari-
son estimate for the presented materials and coatings when
produced on the industrial scale. For practical applications,
the coating also requires a barrier-coated paper as a base
substrate for mechanical support, though relatively inex-
pensive base paper and commercial coating materials can
be utilised for this.

Regarding the inks tested in this study, alkyl ketene
dimer (AKD) provides a clearly superior performance
in hydrophobising compared with polystyrene (PS). The
drawbacks of the tested AKD ink process-wise are the
required low jetting frequency, resulting from low viscosity,
and the assumed need for heat treatment. However, jetting
frequency can in principle be increased with rheological
modifiers, while the results of this study showed that heat
treatment might not always be imperative, as demonstrated
when used with pure FCC105 coating. The possible syner-
gistic reactions taking place between FCC and AKD were
not studied in sufficient detail to provide absolute confir-
mation of their efficacy. An additional advantage of AKD
ink is that the dry solids content can be further increased to
reduce the need to deposit 2 successive layers when print-
ing, as was required by some of the tested coatings.

Compared with AKD ink, which mostly required only a
single ink layer, PS ink generally required multiple printed
layers to produce reliable barriers. While this can be inter-
esting for research purposes, it tends to be undesirable from
a manufacturing point of view, especially since the previ-
ous ink layer needs to sufficiently dry before a new one is
deposited. Furthermore, increasing the dry solids content
of the PS ink would require a polystyrene version with
even lower molecular weight than the 35 kDa in this study.
However, the advantage of PS ink is that it does not require
post-print treatment.

From a pragmatic point of view, hydrophobising of
FCC-containing coatings could be improved by either a
further alternative hydrophobising agent or ink formula-
tion, which would be able to produce reliable barriers
with a single printed layer but would not require a sepa-
rate heating or other post-processing step after drying.
Phase-changing inks, jetted as liquids but then solidified by
cooling (hot melt), polymerisation or cross-linking would
allow for significantly higher hydrophobic material content
in the ink than any solvent-based ink, though they require

an additional post-processing step, as well as sufficient
time to permeate the pore network structure. Especially
for research purposes, a hydrophobising agent with visible
colour could be desirable, thus removing the need to add
separate colourant for locating the printed regions, espe-
cially since some colourants may be able to act as partial
surfactants.

Compared to Whatman 4 filter paper, the tested coatings
demonstrated slower wicking speeds and required higher
amounts of hydrophobising agent, making them inferior in
these aspects. In order to improve performance, the coating
materials, formulations and thicknesses need to be optimised.
However, the performance of faster wicking coatings, espe-
cially those with MFC binders, can already be considered
adequate for use as test substrates in prototype applications.

In future work, the authors intend to explore further
variants of the coatings presented in this study, as well as
more complex hydrophobic patterns that can be employed
for practical applications. Selective surface modification
of coatings will be tested to take advantage of their high
surface area. Most importantly, the authors intend to dem-
onstrate practical analytical applications with hydrophobi-
cally patterned pigment coating as base substrate. To this
end, compatibility of the coatings and inks with various
reagents, bioagents and detection methods will be studied,
and the performance of custom coatings of various designs
and thicknesses compared to conventional cellulosic filter
papers.
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