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Summary
Surface patterning is important in a wide spectrum of applications ranging from
microelectronics, sensors design and material science to high throughput screening, tissue
engineering and cell biology. A number of methods for specific patterning applications,
such as photolithography, soft lithography, or electron beam and dip-pen nanolithography,
have been developed. However, there is still a clear need for the development of novel
methods permitting patterning of different cell types, nano- and microparticles as well as
hydrogels incorporating cells. These novel patterning methods are vital for the
advancement of such research fields as tissue engineering, biomaterials and for
fundamental investigation of cell-cell communication, tissue and organ development.
The aims of this PhD thesis were: a) develop a technique for creating droplets of
liquid with defined geometries that can be used for patterning water soluble components;
b) optimize the conditions for the fabrication of porous polymer surfaces for the liquid
patterning; c) characterize the produced patterned polymer surfaces; d) further develop the
technique for maskless generation of liquid patterns with arbitrary geometry; e) optimize
the method for the patterning of different materials (chemicals, hydrogels, microparticles);
f) show an application of the method for patterning of living cells and characterize their
behavior on the composite surface during cultivation; g) show an application of the
technology to mimic natural cell-cell communication in vitro via signaling protein
propagation between patterned cell populations in co-culture.
The first part of the work was devoted to the development of porous polymer layers
with precise micropatterns of hydrophilic and hydrophobic areas. In order to fabricate
these patterns, UV-initiated photografting of 2,2,3,3,3-pentafluoropropyl methacrylate
(PFPMA) on porous poly(2-hydroxyethyl methacrylate-co-ethylene dimethacrylate)
(HEMA-EDMA) was optimized. Before and after photografting, both polymer substrates
were thoroughly characterized using water contact angle measurement, UV-Vis
spectroscopy, scanning electron microscopy (SEM) and time of flight secondary ion mass
spectrometry (ToF-SIMS). Porous properties were characterized by UV-Vis spectroscopy,
SEM and dynamic light scattering techniques (DLS). Due to the high difference in
wettability of the hydrophilic HEMA-EDMA polymer film and hydrophobic regions
coated with PFPMA polymer brushes, aqueous solutions can be trapped in the hydrophilic
areas, taking the shape of these areas. The transparency of the HEMA-EDMA monolith
originated from porous properties of the polymer makes it suitable for microscopic
monitoring of liquid patterns during experiments.
The method was for the first time applied for the simultaneous micropatterning of
multiple cell types. More than ten different cell populations separated by hydrophobic
borders could be cultured in microreservoirs. After adhesion, the cells could be placed in
the mutual culture medium, allowing cell-cell communication among populations. During
3 days co-culture in the mutual medium, cross-contamination was shown to be less than
1,5%, although the cells were pre-patterned in the hydrophilic areas separated by
hydrophobic borders of only two to three cell diameters. The capability of cell patterning
and long term cultivation opens the way for many interesting bio-applications, such as in
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vitro mimicking important biological processes that involve and depend on the
organization of multiple cell types into complex micropatterns in vivo. As a case study, I
together with Dr. Steffen Scholpp and Dipl. Eliana Stanganello (ITG, KIT) used the
developed technique to visualize spreading of signaling molecules (Wnt protein) from one
micropatterned population of fibroblast cells to another fibroblast population by activation
of the reporter system. Thus, we were able to simulate paracrine signaling system in vitro.
In addition, I further developed our technique into a new type of mask-less liquid
patterning or digital liquid patterning (DLP) method. The idea of this method is similar to
the working principle of a digital score board. A digital score board consists of many small
bulbs, which generate light symbols on it. In the case of DLP, instead of the bulbs, small
liquid droplets (digits) form a more complex liquid pattern on a substrate. The substrate for
DLP is a composite surface, consisting of a grid of hydrophilic HEMA-EDMA spots
divided by hydrophobic PFPMA barriers. The method allows on-demand fabrication of
liquid patterns without the need to change the substrate and use an additional photomask.
Patterns with customized geometries can be prepared manually by simply pipetting liquid
inside the spots and successively coalescing the generated droplets to form a liquid
micropattern. The DLP does not require clean room or high-precision microfabrication and
allows the manual positioning of microdroplets in the range of micrometer scale. It was
also shown that using superhydrophilic/superhydrophobic patterned surfaces leads to
spontaneous dewetting of the coalesced microdroplets on the interface of the
superhydrophobic border and the superhydrophilic spot. Hence, the usage of
hydrophilic/hydrophobic patterned surface ensures the stability of liquid patterns during
manipulations. Furthermore, the developed technique enables patterning of not only
solutions, e.g. different chemicals, but also suspensions of living cells and microparticles,
hydrogels, or formation of liquid multi-component gradients with complex geometries.
Thus, this method will be especially useful for biological studies, which require the
generation of complex patterns of different or the same cell types, or bioactive materials
and cellular gradients without the need for sophisticated microfluidic and printing
equipment, or for designing additional masks.
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Zusammenfassung
Oberflächenstrukturierung finden Anwendung in einem breiten Spektrum von
Technologien: Mikroelektronik, Sensoren, Design-und Materialforschung bis hin zu
Hochdurchsatz-Screening, Gewebe-Engineering und Zellbiologie. Trotz einer großen
Vielfalt von Methoden für spezielle Strukturierungsanwendungen, wie zum Beispiel
Photolithographie, Soft Lithography oder Elektronenstrahl- oder Dip-PenNanolithographie, besteht immer noch ein großes Interesse an der Entwicklung neuer
Verfahren, die die Strukturierung von verschiedenen Zelltypen, von Nano- und
Mikropartikeln sowie von Hydrogelen- in die Zellen eingebunden werden könnenerlauben. Diese neuen Strukturierungsverfahren sind entscheidend für die
Weiterentwicklung der Forschungsfelder Tissue Engineering, Biomaterialforschung und
Grundlagenforschung an Zell-Zell-Kommunikation, Gewebe- und Organentwicklung.
Die Ziele dieser Dissertation waren: a) Entwicklung einer Technik zum Erzeugen
von flüssigen Oberflächen mit definierten Geometrien, die für die Strukturierung
wasserlöslicher Komponenten verwendet werden können, b) Optimierung der
Bedingungen für die Herstellung von porösen Polymeroberflächen für Strukturierung von
Flüssigkeiten, c) Charakterisierung der hergestellten strukturierten Polymeroberflächen, d)
Weiterentwicklung der Technik für die maskenlose Herstellung von flüssigen Mustern mit
beliebiger Geometrie, e) Optimierung der Methode für die Strukturierung von
unterschiedlichen Materialien, f) Entwicklung dieser Methode Immobilisierung von
lebenden Zellen und Charakterisierung ihres Verhaltens auf der strukturierten Oberfläche
während der Kultivierung, g) Anwendung der Technologie zur Modellierung der
natürlichen Zell-Zell-Kommunikation in vitro durch Ausbreitung eines Signalproteins
zwischen strukturierten Zellpopulationen in der entsprechenden Co-Kultur.
Der erste Teil der Arbeit ist die Entwicklung von porösen Polymerschichten mit
präzisen Mikrostrukturen, die aus hydrophilen und hydrophoben Bereichen
zusammengesetzt sind. Für die Herstellung dieser Strukturen wurde UV-initiiertes
Photografting von 2,2,3,3,3-Pentafluorpropylmethacrylat (PFPMA) auf porösem Poly(2hydroxyethylmethacrylat-co-ethylen-dimethacrylat) (HEMA-EDMA) optimiert. Vor und
nach dem Photografting wurden beide Polymersubstrate durch Kontaktwinkelmessung,
UV-Vis-Spektroskopie,
Rasterelektronenmikroskopie
(REM)
und
FlugzeitSekundärionenmassenspektrometrie (ToF-SIMS) umfassend charakterisiert. Poröse
Eigenschaften wurden durch UV-Vis-Spektroskopie, REM und dynamische Lichtstreuung
(DLS) charakterisiert. Aufgrund der sehr unterschiedlichen Benetzbarkeit zwischen dem
hydrophilen HEMA-EDMA Polymerfilm und den mit polymeren Bürsten aus PFPMA
bedeckten hydrophoben Bereichen können wässrige Lösungen in den hydrophilen
Bereichen eingeschlossen werden. Die auf den porösen Eigenschaften des Polymers
basierende Transparenz des HEMA-EDMA Monoliths ermöglicht die mikroskopische
Beobachtung der flüssigen Strukturen während der Experimente.
Die Methode wurde zum ersten Mal für die gleichzeitige Aufbringung von
mehreren Zelltypen nebeneinander mittels Verwendung von Mikrostrukturen eingesetzt.
Mehr als zehn, durch hydrophobe Grenzen getrennte, verschiedene Zellpopulationen
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konnten in Mikroreservoiren kultiviert werden. Nach Adhäsion wurden die Zellen im
gemeinsamen Kulturmedium aufbewahrt, um die Zell-Zell-Kommunikation zwischen den
Populationen zu gewährleisten. Während der dreitägigen Co-Kultur im gemeinsamen
Medium wurde gezeigt, dass die gegenseitige Kreuzkontamination weniger als 1,5 %
betrug, obwohl die Zellen in den hydrophilen Bereichen durch hydrophobe Grenzen von
nur zwei bis drei Zelldurchmessern durch vorherige Mikrostrukturierung voneinander
getrennt worden sind. Die Fähigkeit der Zell-Strukturierung und Langzeitkultivierung
eröffnet den Weg für viele interessante biologische Anwendungen, wie zum Beispiel die in
vitro-Modellierung wichtiger biologischer Prozesse, die auf der Organisation von mehreren
Zelltypen in vivo auf komplexen Mikrostrukturen basieren. Als Fallstudie haben ich
zusammen mit Dr. Steffen Scholpp and Dipl. Eliana Stangannello (ITG, KIT) die
entwickelte Technik zum Visualisieren der Ausbreitung von Signalmolekülen (WntProtein) von einer mikrostrukturierten Population von Fibroblasten zu einer anderen
Fibroblasten-Population durch die Aktivierung des Reportersystems eingesetzt. So konnten
wir ein parakrines Signalsystem in vitro simulieren.
Darüber hinaus habe ich die Technik zu einer neuen Art der maskenfreien flüssigen
Strukturierung oder zur digitalen flüssigen Strukturierungsmethode (Digital Liquid
Patterning, DLP) weiter entwickelt. Die Idee dieser Methode ähnelt dem Funktionsprinzip
einer digitalen Anzeigetafel. Eine digitale Anzeigetafel besteht aus vielen kleinen
Glühbirnen, worauf Licht-Symbole generiert werden. Im Fall von DLP bilden anstelle der
Glühbirnen kleine flüssige Tropfen (Ziffern) ein komplexes flüssiges Muster auf einem
Substrat. Das Substrat für DLP ist eine zusammengesetzte Oberfläche, bestehend aus
einem Netz von hydrophilen HEMA-EDMA Spots, die durch hydrophobe PFPMA
Barrieren voneinander getrennt sind. Das Verfahren ermöglicht eine Maßherstellung von
flüssigen Mustern, ohne dass Änderung des Substrats oder eine zusätzliche Fotomaske
notwendig sind. Muster mit individuellen Geometrien können durch einfaches Pipettieren
von Flüssigkeit in die Spots und späteres Verbinden der erzeugten Tropfen, um eine
flüssige Mikrostruktur zu bilden, manuell erzeugt werden. Die DLP erfordert weder einen
Reinraum noch hochpräzise Mikroherstellung. Die manuelle Positionierung von
Mikrotröpfchen liegt im Bereich der Mikrometerskala.
Es wurde auch gezeigt, dass die Verwendung von superhydrophil/superhydrophob
strukturierten Oberflächen zur spontanen Entnetzung der verbundenen Mikrotröpfchen auf
der Grenzfläche zwischen der superhydrophoben Barriere und des superhydrophilen Spots
geführt hat. Daher sichert die Verwendung von hydrophil/hydrophob strukturierten
Oberflächen die Stabilität der flüssigen Strukturen während der Anwendungen. Weiterhin
ermöglicht das entwickelte Verfahren nicht nur die Strukturierung von Lösungen, z.B. von
verschiedenen Chemikalien, sondern auch von Suspensionen lebender Zellen und
Mikropartikel, Hydrogelen, oder zur Bildung von flüssigen Mehrkomponenten-Gradienten
mit komplexen Geometrien. Somit ist dieses Verfahren besonders nützlich für biologische
Untersuchungen, die die Erzeugung von komplexen Musterns von verschiedenen oder
gleichen Zelltypen oder bioaktiven Materialien und Zell-Gradienten, ohne dass
anspruchsvolle Mikrofluidik- und Druckausstattung oder zusätzliche Masken benötigt
werden.
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Chapter 1
Introduction: surface patterning technologies
Summary
Recent advantages in the development of new surface patterning technologies have
created unique opportunities for the fabrication of a variety of micro- to nanometer surface
structures. The ability to create surface structures with dimensions from nano to micrometers makes a wide spectrum of chemical, biological and topographical patterns possible.
Microelectronics, sensors, mechanical and optical devices, can benefit from the availability
these techniques. This chapter briefly introduces the principles of the major and widely
used micro- and nanopatterning technologies currently used to fabricate surface patterns of
various materials with well-defined geometry in the range from several hundred
micrometers to few nanometers. The advantages, limitations and applications for each
surface patterning technology are discussed. The low cost, availability, outstanding
performance and compatibility with delicate materials make the presented technologies
desirable and widespread in industry and science.

1.1 Microscale surface patterning technologies
1.1.1 Photolithography
Photolithography is the most commonly utilized microfabrication technique and has
been actively used in the microelectronics industry [1, 2]. Nonetheless, photolithographic
is also considered as a microfabrication tool in routine research laboratories (Table 1.1). In
the photolithography process, patterns are generated when features on a mask are
transmitted to a substrate by exposure to light (Fig. 1.1 A). The substrate is first coated
1

1.1 Microscale surface patterning techniques
with a material that is sensitive to radiation (polymers [1, 3], metal oxides [4], quartz [1],
glass [1, 5], hydrogels [6]), known as a photoresist. Then, the photoresist is selectively
irradiated through the photomask, which consists of transparent and non-transparent areas.
Typical photomasks are made of optically transparent materials at the wavelength used for
patterning and can be produced using computer-aided-design software. Depending on the
properties of the photoresist, the polymer chains can either break or become cross-linked in
the irradiated areas, making them soluble or insoluble, respectively, to particular solvents
(so-called development solutions). The first kind of resist is known as positive resist, the
second as negative resist. After the substrate is immersed in the resist development
solution, the pattern on the surface is either an identical replica of the mask template
(positive resist) or its complimentary geometrical image (negative resist). The photoresist
can also be removed from the substrate by using suitable solvents or plasma treatment if
required [7, 8].
Conventional photolithographic processing occurs in a clean room and requires
expensive equipment. Therefore the process can be cost prohibitive, if such facilities are
not readily accessible. In addition, photolithography is also well suited for surface
patterning of substrates that have been functionalized with delicate ligands.
Photolithography enables feature sizes on the order of 100 nm and can be used to create
various patterns over large surface areas [9-11]. To overcome some shortcomings, such as
requirements for clean room and the resolution limit of convectional photolithography,
new photolithographical techniques have emerged, such as transparency-based
photolithography [6], projection photolithography [12, 13], extreme ultraviolet lithography
[14-17] and interference lithography [18-21]. For instance, transparency-based
photolithography does not require the use of a clean room and is less expensive as
transparencies are created using standard ink jet printers. Interference lithography relies on
the use of light interference pattern projected onto a photoresist and allows creating
nanoscale resolution (down to 11 nm) [18-20].

1.1.2 Soft lithography
“Soft lithography” is a group of surface patterning techniques based on nonlithographic strategies utilizing elastomeric (“soft”) materials [22, 23]. The main members
of the soft lithography family are microcontact printing, microfluidics and stencil-assisted
techniques. All these techniques take advantages of either printing or molding with
elastomeric stamps [23]. The elastomeric pattern (stamp, mold or stencil) is fabricated in
2
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bas-relief from a replica mold, the so-called master created prior via microfabrication. The
transfer of the shape and form to the elastomer is ensured by the rigidity of the master,
which allows for its separation from the produced pattern. Hence, the elastomeric pattern,
typically poly(dimethylsiloxane) (PDMS), represents an inverted replica of the master
structure, which can have a wide range of geometries [8].
The primary advantage of soft lithography is that elastomers can generate a
conformal contact at the molecular level over large areas of diverse substrates. Tight
mechanical contact is even possible with curved surfaces [22]. In addition, the sealing
between the material of interest and the elastomeric pattern is mediated by van der Waals
forces and therefore reversible. This ensures that the procedure could be repeated several
times using the same mold, stamp, or stencil [7]. Moreover, soft lithography is a low-cost
and high-throughput technique that does not require clean rooms to produce high-quality
patterned micro- and nanostructures. It overcomes the resolution limits imposed upon
photolithography by optical diffraction. Furthermore, widely used PDMS elastomer is
suitable for biological applications, as it is stable at temperatures ranging from 37 to 95°C,
chemically inert and biocompatible [24], as well as optically transparent, minimally
autofluorescent and gas-permeable [25]. The following sections represent the most
commonly used members of soft lithography family such as microcontact printing,
microfluidics and stencils-assisted patterning.

1.1.2.1 Microcontact printing
Microcontact printing (μCP) is the most widely used soft lithography technique.
μCP was invented in the early 1990s by Kumar and Whitesides, who used elastomeric
stamps made of PDMS with micrometer sized relief structures for the patterned transfer of
alkanethiols on gold-coated silicon surfaces [26]. Originally developed for creating
patterns for microelectronics applications [1], μCP soon found extremely widespread
applications in physics, chemistry and biology [23, 27, 28] (Table 1.1). μCP technology is
suitable for the direct surface pattering of small, surface-active molecules, polymers, or
biomaterials onto spatially and geometrically well-defined areas of a substrate by
mechanical contact (Fig. 1.1 B).
This technique requires an inking step to transfer the molecules of interest to an
elastomeric stamp. The excess solution is then dried and the remaining layer at the surface
of the stamp is placed in conformal contact with the surface of the target material. The
conformal contact can last from a few seconds to minutes. Afterwards, the stamp is peeled
3
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off, leaving a surface pattern of the molecules of interest on the substrate. The bonds that
connect the transferred molecules and the surface of the target material can be either noncovalent or covalent, depending on the molecules and surface functionality involved. The
surrounding unmodified areas can be subsequently backfilled with other molecules of
interest.
For example, an elastomeric stamp is immersed in a thiol solution for inking and
then carefully placed on a gold-coated substrate. Since thiols form strong metal-sulfur
bonds with gold, printing results in self-assembled monolayers (SAMs) of alkanethiols on
the metal only in the areas of conformal contact [29]. Being an additive process, the
material losses incurred in contact printing are minimal in comparison with techniques
such as subtractive printing. μCP methods additionally take advantage of the reusability of
the photomask and flexibility of the stamp to serve as a versatile, low cost, high-throughput
patterning technique that allows working with a wide spectrum of patterning materials
(Table 1.1) as well as using different substrates varying from metals [26, 30], glass slides
[31, 32], silicon oxide [33] to polymers [34] and hydrogels [35, 36].
PDMS is the commonly used elastomer for the fabrication of μCP stamps. The
Young’s modulus of fully cross-linked PDMS is usually in the low MPa range that is
suitable to achieve conformal contact but may reduce the pattern resolution. In order to
obtain high-resolution patterns in the submicrometer range, without any distortions, new
types of elastomers were successfully developed, including hard-PDMS [37], polyolefin
plastomers [38], perfluoropolyethers [39], poly(methyl methacrylate) stamps [40] and
poly(ethylene)/poly(methyl methacrylate) composite stamps [41].

1.1.2.2 Microfluidics
Microfluidic channels can be also used for patterning. This method is based on the
formation of microchannels on the surface of the target material. Elastomeric molds are
often used to fabricate such microchannels with desired geometries. The mold is then
pressed and fixed on the substrate of interest, followed by filling the formed microchannesl
with a solution of the desired molecules to be patterned (Fig. 1.1 C) [42, 43], [44]. The
bond between the mold and target material can be either reversible or irreversible.
Microfluidic patterning can be particularly useful as an alternative to µCP if a drying step
can damage sensitive molecules, or when close control over the molecular density of the
immobilized component in the material surface is a key requirement.
4

1.1 Microscale surface patterning techniques
Microfluidic patterning combines the advantages of being a parallel and additive
technique. In addition, spatially separated, elastomeric microchannels allow different
solutions to flow over different regions of the same sample to generate multi-component
patterns [8, 44, 45] (Table 1.1). Another interesting attribute is the laminar flow inside the
microchannels. Moreover, several laminar streams flowing parallel to each other can be
combined into one microscale size stream without intermixing. As it was mentioned the
elastomeric molds are easily fabricated and widely available, making microfluidics a cost
effective technology for surface patterning [46]. One of the drawbacks of this technique is
the difficulty to create multiple-interconnected channels, limiting the diversity of possible
surface patterns. Another difficulty is that spontaneous filling of microchannels via
capillary forces is a relatively slow process limited to small microfluidic structures.
However, the wide use of external pumping devices with controlled flow rates, down to
nanoliters per minute, has successfully addressed the latter problem.

1.1.2.3 Stencil-assisted surface patterning
An elastomeric microstencil is a membrane that is structured with through-holes of
the desired size and geometry. Microstencils are usually made of PDMS. The softness and
elasticity of PDMS microstencils result in them to spontaneously seal to any smooth
surface. When a microstencil is brought in conformal contact with a surface, the molecules
of interest can be adsorbed onto the unprotected areas [47, 48], or plasma treatment can be
used to selectively modify the exposed surface [49]. However, the areas outside the holes
remain intact (Fig. 1.1 D). After the surface modification process is finished, the
microstencil is manually lifted off. One of the main drawbacks of the PDMS microstencils
is that they cannot be reused, since they are stretched and deformed during the peel-off
process. New materials have been proposed as alternatives to PDMS, such as parylene-C
stencils [50] or hybrid elastomer metal stencils [51], which can be reused. Parylene-C
microstencils are free-standing and rigid, which allow for creating well defined and regular
surface patterns. However, parylene-C microstencils do not enable the formation of a
conformal contact. Therefore, a liquid confinement is dependent on the hydrophobic
properties of both the substrate surface and the microstencils. This limits their application
to hydrophobic surfaces, preventing, for example, the use of clean glass as a substrate. To
overcome this limit, hybrid microstencils made of steel with elastomeric O-gaskets around
the microstencil apertures have been created as a more versatile alternative, allowing for
fabrication of patterns on both hydrophobic and hydrophilic surfaces. Additionally, rigid
5
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nanostencils made of silicon have been widely used to create surface nanopatterns of
different materials, ranging from metals and semiconductors to proteins [52-57] . Although
the stencils-assisted surface patterning requires some technical skills to align the flexible
stencil on the surface (with respect to electrodes or underlying chemical patterns) and
ensure an adequate sealing, the replication technique is relatively simple, large scale and
cost-effective. The stencil-assisted surface patterning has two significant advantages. First,
it is compatible with virtually any substrate material (metals, semiconductors, polymers) as
well as curved surfaces. Second, the absence of organic solvents makes it an attractive
approach for the immobilization of delicate molecules [1].
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Fig. 1.1. Microscale surface patterning techniques. (A) Photolithography: a beam of light irradiates through a photomask onto the photoresist,
selectively modifying it. Subsequent immersion in a development solution removes the modified areas. After that deposition and backfilling another
molecule of interest can be applied to create the desired surface pattern. (B) Microcontact printing: a flexible stamp is immersed in the solution of
interest and pressed onto the surface to produce surface pattern. (C) Microfluidic patterning: (i) surface patterns are generated by passively filling the
microchannels with the solution of interest powered by capillary forces; (ii) surface patterns are generated by the use of pumps and tubing to deliver
distinct solutions in each channel. (D) Stenciling: deposition of materials or ablation of the substrate through the holes of the micro- or nanostencils
leads to the generation of desired surface patterns. [7]

1.1 Microscale surface patterning technologies

Table 1.1. Comparison of the commonly used microscale surface patterning techniques.
Description

Advantages

Limitations

Photolithography

Photo irradiation of a
photosensitive substrate through
a photomask

Patterning over large area.
Compatible with many
substrates.

Requires photosensitive
substrates or chemicals.
Requires photomasks.

Microcontact
printing

Printing using inked elastomeric
stamps

Simple implementation.
Relatively cheap.
Patterning over large areas.

Inability to print multiple “inks”
simultaneously.
Possible “ink” diffusion.

Microfluidics

Sealing an elastomeric mold
against a substrate to from a
network of microchannels.

Relatively cheap.
Rapid and dynamic system.
Manipulation with liquids,
solutions or suspensions.

Channel geometry limits pattern
diversity.
Limited to interconnected
pattern.
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Stenciling

Deposition of material through
apertures of a mask.

Relatively cheap.
Patterning over curved surfaces.
Rapid implementation.

Simple geometry.
Mechanically weak.
Clogging of apertures.

Applications
Metals [58]
Metal oxides [59]
Small organic molecules [4, 60-62]
Polymers [63, 64]
Proteins [63, 65, 66]
Cells [59, 64]
Cell co-cultures [67-70]
Metals [34, 71]
SAMs [26, 30, 72-76]
Nanoparticles [77, 78]
Dendrimers [79, 80]
DNA [81, 82]
Lipids [83]
Proteins [30, 32, 35, 74, 84-87]
Cells [30, 35, 72, 74, 85, 88, 89]
Cell co-cultures [90, 91]
SAMs [92-94]
DNA [24]
Peptides [93]
Proteins [43, 95]
Antibodies [31]
Immunoglobulins [96]
Cells [42, 93, 97, 98]
Cell co-cultures [94, 99, 100]
Metals [52, 54, 55, 101]
DNA [51]
Proteins [47, 50, 51, 57]
Cells [47, 49, 51]
Cell co-cultures [47, 48, 50, 102,
103]

1.2 Nanoscale surface patterning technologies
1.2.1 Electron beam lithography
Electron beam lithography (EBL) is a direct writing patterning technique [104].
Originally developed for the semiconductor industry, it has been applied to pattern a wide
spectrum of materials, ranging from SAMs to DNA (Table 1.2). EBL is based on focusing
an electron beam (e-beam) onto a substrate covered with an electron beam photoresist
under high vacuum [8] (Fig. 1.2 A). If the resist is positive, the areas exposed to the ebeam become more soluble in the development solution that removes the exposed
substrate, thereby finalizing the surface pattern. If the resist is negative, the irradiated areas
become insoluble in the developer solution. The resolution of this technique is determined
by the size of the molecules in the resist and the scattering range of the electrons [105]. To
avoid the backscattering of electrons, low electron beam energies lead to smaller feature
sizes and patterns in the tens nanometer range have been fabricated [106]. Although small
feature sizes can be created, the adoption of this patterning technique is limited by high
costs, as compared to other lithographic approaches. In addition, the patterning speed of
this technique is considerably slower than in photolithography.

1.2.2 Electron beam chemical lithography
An electron beam can be focused onto very small spots (<1 nm). However, in
standard resist materials, the achievable resolution is not only limited by the beam size, but
also by the size of the molecules in the resist and by primary and secondary electron
scattering processes, namely forward scattering, backscattering, and proximity effects.
Thus, novel resists should not only show a specific sensitivity to electrons, but also be thin
and composed of small subunits permitting high resolution patterning. These criteria are
fulfilled by SAMs with a typical thickness of 1-2 nm and an intermolecular spacing of ~0,5
nm [107]. Apart from the use of SAM as standard resist material, Grunze and colleagues
[108, 109] demonstrated that terminal nitro groups can be selectively reduced to amine
moieties by irradiation of 4-nitro-1,1-biphenyl-4-thiol (NBT) monolayers on gold
substrates with low and high energy electrons, while the aromatic biphenyl layer is
dehydrogenated and cross-linked (Fig. 1.2 B). The technique was termed Electron Beam
Chemical Lithography (EBCL) because the electron irradiation resulted in a selective and
quantitative chemical transformation of the nitro to amino groups [110]. It has been
9
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assumed that the source of hydrogen atoms required for reduction of the nitro groups are
generated by the electron-induced dissociation of the C-H bonds in the biphenyl moieties
[108]. Chemical patterns were generated by irradiation through a mask featuring lines with
a width down to 70 nm. Direct write e-beam lithography achieved 11 nm resolution lines
[111]. Subsequently, these amine-terminated organic nanostructures were used as
templates for surface-initiated polymerization using a surface-bound bromoisobutyryl
bromide (BIBB) initiator to yield densely grafted poly(N-isopropyl acrylamide) (PNIPAM)
brush surface nanopatterns [112]. Using a similar synthesis approach, sub-50 nm
polystyrene brush nanopatterns were fabricated, but in this case, the NBT SAM was first
patterned by EBCL followed by diazotization and coupling with methylmalonodinitrile.
This resulted in surface patterns with well-defined areas of cross-linked initiator sites for
polystyrene surface-induced polymerization [110].
Despite the advantages and stability of aromatic SAMs, they are not commercially
available. Furthermore, the efficient nitro-to-amine transformation requires large
irradiation doses of 30-40 mC/cm2 making this surface patterning method a relatively timeconsuming process, which is a constraint for industrial implementation of this technique. In
an effort to overcome these limitations, the concept of EBCL was extended to aliphatic
SAMs [113, 114]. The exposure of the aliphatic SAM to a low dose e-beam (0,5-2,0
mC/cm2) led to the fragmentation of the aliphatic thiol molecules and disorder of the SAM.
These pre-patterned regions, consisting of fragmented and disordered SAM molecules,
were displaced by 11-aminoundecanethiol. This exchange reaction resulted in aminoterminated

11-aminoundecanethiol

patterns

surrounded

by

a

methyl-terminated

(dodecanethiol) background with the resolution up to ~50 nm. A surface initiator (BIBB)
was then attached to the patterned regions for surface-initiated atom-transfer radical
polymerization of PNIPAM brushes.
EBCL is not restricted to any length scale, since the use of electron-flood guns in
combination with adequate stencil masks allows an efficient patterning of large areas. For
high-resolution patterning, electron beam can be focused to nanometer-sized spots, and the
resolution is only limited by secondary electrons that are generated during irradiation.

1.2.3. Scanning probe lithography
The invention of scanning probe microscopes, such as the tunneling microscope
(STM) [115] and the atomic force microscope (AFM) [116], allowed observing surface
structures at atomic resolutions. STM has been also applied to move atoms or molecules to
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form surface patterns [117]. A set of techniques, so-called scanning probe lithography
(SPL), has been developed to generate nanoscale surface patterns based on STM and AFM.
SPL can be further divided into two major modes by the type of mechanical impact to
surface: destructive and constructive [2]. In case of the constructive SPL mode, the probe
tip is used to generate patterns by transferring molecules of interest onto a surface of a
target material. The most common constructive SPL is dip-pen nanolithography, which is
described in section 1.2.4. The generation of surface patterns in the destructive SPL mode
is done by mechanical damaging or chemical modification of the surface by the probe tip
(Fig. 1.2 C). For example, a large current can be applied between the STM tip and SAMs
to induce electrochemical oxidation and then removal of SAMs to produce patterned
structures. Crooks et al. reported the fabrication of well-defined patterns by repeated
scanning of the STM tip on C35S SAMs on Au(111) after application of a large bias (+8 V)
[118]. The obtained patterns were in the range from 60 nm to 5 μm. Alternatively, Liu et
al. have generated surface patterns via physical removal of SAMs when the tip was in
close contact with the substrate by applying large mechanical force [119, 120]. The latter
approach is usually called “nanografting” or “nanoshaving”, because the displacement of
SAMs results in formation of nanopatterns.
The combination of high spatial resolution, alignment accuracy, throughput, and
reproducibility makes scanning-probe lithography a promising technology to produce a
wide range of patterns at the nanoscale [121]. Destructive SPL is a very flexible and high
resolution technique that can be easily adapted to different study conditions, including
ambient air, liquids, gases, humidity, and temperature differences, making it suitable for
patterning delicate materials such as biomolecules [122]. Resolution of the destructive SPL
depends on the tip shape, cantilever strength, scan domain, and the number of
measurements per scan and, under the appropriate conditions, enables the manipulation of
surfaces at the single-atom level [123]. However, the SLP technique is serial process in
that it is time-consuming, which makes it hardly applicable in industrial field.

1.2.4 Dip-pen nanolithography
Dip-pen nanolithography (DPN) is based on the idea of transforming a common
AFM into a virtue of a new technology. When an AFM experiment is conducted in air,
capillary forces condense water vapor from the air in the small gap between the AFM tip
and the surface sample. Mirkin et al. [124] showed that when the water flows from the tip
to the sample surface, multiple nanometer patterns can be formed (Fig. 1.2 D). This
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phenomenon, similar to EBL, allows for direct writing on the surface of the samples. DPN,
therefore, relies on the spontaneous formation of a meniscus, which acts either as a conduit
for ink transport onto a surface or as a reaction vessel. In the latter case, material
precursors on the tip can be directly synthesized on the target substrate when in contact
with the meniscus during the transfer process [125]. The transferred molecules act as ink,
patterning molecules on the surface either via chemisorption or physisorption. The inked
AFM probe is scanned in a serial process across the surface either in contact or tapping
mode [126, 127]. When the velocity of the tip across the surface is increased, the transport
of molecules is interrupted and the AFM probe acts as an imaging tool, which provides
feedback on the pattern characteristics. The printing quality is influenced by probe tip
geometry, writing speed, contact time between the tip and substrate, and the properties of
the ink and substrate [128]. Furthermore, controlling environmental factors such as
temperature and humidity is important and environmental control chambers and glove
boxes are often employed to maintain control of these parameters. DPN is advantageous
over traditional direct writing techniques such as µCP in that it allows direct writing of
different molecules within a nanostructure, thereby, generating complex surface patterns
architectures. In addition, a broad range of inks, from small organic molecules to
biomolecules can be printed using this technique [8, 129, 130].
In summary, DPN is an serial technique that allows both hard and soft material to
be patterned with minimal material losses, and there is no need for exposing the substrate
to harsh conditions such as radiation or solvents. In contrast to the destructive SPL
approach, DPN directly delivers the material to be patterned on the surface of a target
material without the help of a resist, a stamp, substrate irradiation, or solvents, thereby
avoiding surface damage or cross-contamination. As the movement of the tip is computercontrolled, the pattern can be easily changed at any point. As is true for all scanning probe
techniques, DPN has the drawback of being a serial process, which implies low throughput
and, therefore, increased cost [129]. This shortcoming has been partially overcome by
parallel DPN [130, 131]. However, the technique still remains slow through-put speed to
be implemented for industrial needs.
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Fig. 1.2. Nanoscale surface patterning techniques. (A) Electron beam nanolithography: beam of electrons locally polymerizes or removes a resistcoated surface, resulting in the nanoscale pattern. (B) Electron beam chemical lithography: beam of electrons results in fragmentation and
disordering of aliphatic SAMs or induces quasi-polymerization and reduction of nitro-to-amino groups in aromatic NBT SAMs. (C) Scanning probe
lithography: spatially controlled shaving of molecules from the substrate with the AFM tip results in the surface pattern. (D) Dip-pen lithography:
the nanopattern is created by an AFM tip previously dipped in the solution of interest. The meniscus formed by condensation of environmental
water between the material surface and the AFM tip allows the transport of the molecules from the tip to the surface. [7]
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Table 1.2. Comparison of the commonly used nanoscale surface patterning techniques.
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Technique

Description

Advantages

Limitations

Electron beam
lithography

Direct writing of structures with
a focused electron beam on a
photoresist.

High resolution.
Compatible with standard
microfabrication techniques.

Relatively expensive.
Secondary electron scattering
processes influence pattern
resolution.
Slow patterning speed.

Electron beam
chemical
lithography

Direct writing of structures with
a focused electron beam via
triggering a chemical
transformation of the surface.

High resolution.
Low energy electron beam.
Control over surface
modification.
Compatible with standard
microfabrication techniques.

Relatively expensive.
Slow patterning speed.
Stability of SAMs.

Scanning probe
lithography

Physical or chemical
modification of a surface by
STM or AFM tip.

High resolution.
Can be used in ambient
conditions.

Surface scratching.
Cross-contamination of patterns.

Direct writing by an inked AFM
tip on a substrate.

High resolution.
Compatible with standard
microfabrication techniques.
Compatible with broad range of
inks.
Can be used for high-throughput
applications (parallel DPN).

Relatively expensive.
Low throughput.
Printing quality dependent on
myriad of environmental and
system parameters.

Dip pen
nanolithography

Applications
SAMs [106, 132, 133]
Polymers [134, 135]
Hydrogels [136]
Nanoparticles [133]
DNA [137]
Proteins [132, 134, 138-140]
Cells [141, 142]
Small organic molecules [107-109,
143]
Polymer brushes [110, 112-114,
144, 145]
Lipids [146]
Cells [144]
SAMs [118, 119]
Graphenes
Langmuir-Bloodgett films [147]
DNA [148, 149]
Proteins [120, 148, 150]
Lipids [151]
Small organic molecules [124,
152, 153]
DNA[154]
Lipids [155]
Proteins [126, 156, 157]
Cells [153, 155]
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1.3 Aim and objectives of this work
The overarching goal of this work was to develop a new bench-top method based
on porous polymers for the generation of microliter-patterns of aqueous solutions or
suspensions, to implement this method for pattering of different materials as well as for coculturing multiple cell types, and studying cell-to-cell communication. This goal was
achieved by manufacturing hydrophilic/hydrophobic micropatterned polymer surfaces
followed by applying these patterns for the formation of liquid droplets with complex
geometries controlled by the geometry of the hydrophilic pattern. The following secondary
goals were also achieved:
[i] Optimization of the fabrication and characterization of hydrophilic/hydrophobicpatterned surfaces.
[ii] Demonstration of capabilities of the method to pattern and co-culture multiple
mammalian cell populations in conjoint culture medium.
[iii] Implementation of the method in a study of the Wnt propagation phenomenon
involved in the paracrine signaling.
[iv] Further improvement of the method to a maskless approach (digital liquid patterning),
which does not require manufacturing of new masks or changing substrates in order to
generate open liquid channels of arbitrary geometry.
These goals were accomplished by first testing different compositions of the
polymerization mixture for the fabrication of highly hydrophilic porous poly(2hydroxyethyl methacrylate-co-ethylene dimethacrylate) (HEMA-EDMA) layers. The
morphology of obtained HEMA-EDMA layers was characterized by scanning electron
microscopy (SEM) and dynamic light scattering (DLS) measurements. The transparency
and wetting properties of samples were characterized by UV-NIR and water contact angle
(WCA) measurements. Secondly, to generate hydrophobic patterns on the hydrophilic
substrate,

HEMA-EDMA

polymer

layers

were

photografted

with

2,2,3,3,3-

pentafluoropropyl methacrylate (PFPMA) using a quartz photomask. To ensure the
15

1.3 Aims and objectives of this work
stability of liquid droplets immobilized onto a micropatterned surface, the photografting
procedure was optimized to reach the high contrast between hydrophilic and hydrophobic
domains. The cross-section and surface morphology, and chemical composition of
micropatterned surfaces were characterized by SEM, time-of-flight secondary ion mass
spectrometry (ToF-SIMS) and WCA measurements. Different sizes of hydrophobic
PFPMA domains were tested in order to find the limit of its dimensional magnitude, which
can prevent fusion of closely situated droplets into the adjacent hydrophobic compartments
(Chapter 3). The method was applied for the patterning of multiple cell types within
separated microdroplets followed by co-culturing of cells in conjoint cell culture medium.
The cross-contamination rate between the neighboring cell patterns during 3 day of coculture was tested. The developed procedure for cell patterning was implemented for the
mimicking of intercellular communication by a signaling protein (Wnt-morphogen)
propagation from one patterned cell population to another (Chapter 4). In order to improve
the method for generation of liquid micropatterns into a maskless liquid patterning
approach, an array of hydrophilic HEMA-EDMA spots divided by hydrophobic PFPMA
borders was fabricated. This approach, termed digital liquid pattering, is based on
generation of droplets inside individual hydrophilic spots followed by manual fusion of
adjacent droplets over hydrophobic border into an open liquid channel with arbitrary
geometry. The influence of wetting properties of hydrophilic and hydrophobic domains,
width of hydrophobic borders, and volume of droplets on the fusion of droplets was
examined. Finally, the digital liquid patterning approach was used to show its applicability
to generate liquid patterns of other biomaterials and living cells, as well as to create multicomponent gradients of complex geometry (Chapter 5).
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Chapter 2
Materials and Methods
2.1 Materials
2-Hydroxyethyl methacrylate, ethylene dimethacrylate, 2,2,3,3,3-pentafluoropropyl
methacrylate (PFPMA), trichloro(1H, 1H, 2H, 2H-perfluorooctyl)silane, 2,2-dimethoxy-2phenylacetophenon, benzophenon, cyclohexanol, 1-decanol, fluorescein isothiocanate
isomer I, rhodamine B, low gelling temperature agarose, 40-75 µm silica gel were
purchased from Sigma-Aldrich (Germany) at purity >97%. Food colorants were purchased
from August Thomsen Corp. (USA). 1-Butanol was purchased from Carl Roth (Germany)
at purity of 99,5%. All other chemicals were purchased from Sigma-Aldrich and used as
supplied.
Quartz photomask was developed with Autodesk Inventor 2011 software and
manufactured by Rose Fotomasken (Germany). Borosilicate glass plates Nexterion B from
Schott (Germany). Teflon films employed in this study were from American Durafilm
(USA).
Dulbacco’s modified Eagle’s medium (DMEM), fetal bovine serum (FBS),
phosphate buffered saline (PBS), penicillin / streptomycin mixture, trypsin were purchased
from Invitrogen (USA).

2.2 Fabrication of hydrophobic/hydrophilic patterned surfaces
In the first step, glass slides were activated by sodium hydroxide followed by the
modification with 3-(trimethoxysilyl)propyl methacrylate to introduce anchoring groups
for a subsequent immobilization of the polymer film. To this end, glass slides were cleaned
by MilliQ water and dried in air. Afterwards, the cleaned glass sides were immersed in a 1
M NaOH solution for 30 min, washed with water, and immersed in 0,2 M HCl for 1 h,
followed by washing with water and drying with an air gun (Fig. 2.2 (i-ii)). In order to
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achieve covalent attachment of the polymer layer to the glass support, the surface was
functionalized with anchoring groups. For this purpose, the surface of an activated glass
slide was modified with a 20% (v/v) solution of 3-(trimethoxysilyl)propyl methacrylate
(Fig. 2.1 A) in ethanol adjusted to pH=5 with acetic acid (Fig. 2.2 (iv)). 100 μl of the
solution is dropped on the glass slide. The glass slide was then covered with another
activated glass slide, avoiding the trapping of air bubbles in between. After 30 min, the
new portion of solution was applied for another 0,5 h. Finally, the silylated glass slides
were washed with ethanol followed by MilliQ water and dried under air flow.

A

B

C

D

(i)

E

(ii)

F

G

Fig. 2.1. Chemical structures of reactants. (A) Anchoring agent. (B) Fluorination agent. (C)
Initiators for the polymerization (i) and the photografting process (ii). (D) Porogenic
solvents. (E) Monomer of polymerization mixture film. (F) Cross-linker. (G) Monomer
used for the photografting.
Fluorinated glass slides were used as cover slides to prevent an attachment of the
polymer during the polymerization. The fluorination of glass slides were fabricated by
placing an open vial of trichloro(1H, 1H, 2H, 2H-perfluorooctyl)silane (Fig. 2.1 B)
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together with an activated glass slide into a vaccuumated desiccator overnight (Fig. 2.2
(iii)). Afterwards, the glass slides were washed with ethanol, dried with an air gun and
stored at room temperature.

Fig. 2.2. Scheme of reactions for the fabrication of patterned surfaces: (i,ii) activation of a
glass surface by immersing in alkaline solution, followed by acid solution; (iii)
functionalization

of

an

activated

glass

surface

by

trichloro(1H,1H,2H,2H-

perfluorooctyl)silane; (iv) introduction of anchoring groups by modification of an activated
glass surface with 3-(trimethoxysilyl)propyl methacrylate; (v) fabrication of a hydrophilic
HEMA-EDMA layer on the modified glass support by free-radical co-polymerization of 2hydroxyethyl methacrylate monomer and ethylene dimethacrylate cross-linker catalyzed by
19

Materials and methods
2,2-dimethoxy-2-phenylacetophenone; (vi-viii) photografting functionalization of HEMAEDMA substrate via photografting through a quarts photomask with 2,2,3,3,3pentafluoropropyl methacrylate catalyzed by benzophenone.
In the second step, a thin hydrophilic polymer layer was fabricated on the silylated
glass slide (Fig. 2.2 (v)) by UV-initiated free radical polymerization [158-160]. The
poly(2-hydroxyethyl methacrylate-co-ethylene dimethacrylate) (HEMA-EDMA) layer was
produced by the polymerization of a mixture of 24% wt. 2-hydroxyethyl methacrylate as a
monomer (Fig. 2.1 E), 16% wt. ethylene dimethacrylate as a cross-linker (Fig. 2.1 F), 12%
wt. 1-decanol and 48% wt. cyclohexanol as porogenic solvents (Fig. 2.1 D), and 1% wt.
(with respect to monomers) 2,2-dimethoxy-2-phenylacetophenone as an initiator (Fig. 2.1
C(i)). The polymerization mixture was loaded into a slot between the activated and
fluorinated glass slides. The glass slides were set apart by 12,5 μm Teflon film spacers and
fixed with binder clips (Fig. 2.3). The reaction was accomplished by exposure to UV-light
(λ = 260 nm, 10 mW/cm2) for 15 min. Afterwards, the glass slides were separated by a
scalpel. The polymer layer was washed with ethanol and then immersed into methanol for
12 h. Finally, the glass slides were washed with ethanol, dried in air flow and stored at
room temperature.

Fig. 2.3. Fabrication of HEMA-EDMA polymer layer. The methacrylated and fluorinated
glass slides are separated by 12,5 μm thin Teflon spacers and fixed with binder clips;
polymerization mixture is injected in the slot between the glass slides.
In the final step, the hydrophobic 2,2,3,3,3-pentafluoropropyl methacrylate
(PFPMA) patterns were generated on the hydrophilic HEMA-EDMA substrate by
photografting [160-168]. 100 µl of the photografting mixture (25% wt. PFPMA as a
monomer (Fig. 2.1 G), 1,7% wt. ethylene dimethacrylate as a cross-linker, 0,4% wt.
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benzophenon as a photoinitiator (Fig. 2.1 C(ii)) in 1/3 (v.) water/1-butanol mixture as
solvents) was dropped and distributed on the top of HEMA-EDMA polymer layer. The
wetted polymer layer was covered with a 50 μm Teflon film, avoiding trapped air bubbles
in between. Afterwards, a quartz photomask with geometry of interest was placed on the
top of the Teflon film cover. The construct was irradiated with UV-light (260 nm, 8-12
mW/cm2) for 15 min. The benzophenone molecule is excited by UV-light and abstracts a
proton from a carbon atom of the polymer chain. The carbon radical hits the methacrylate
group of a monomer molecule that leads to the formation a covalent bond between the
polymer chain and the monomer. Thus, irradiation with UV light triggers free radical
polymerization that leads to the growth of polymer brushes made of PFPMA monomers on
the polymer substrate [169, 170] (Fig 2.2 (vi-viii)). The reaction can be continued to form a
polymer brush. The obtained hydrophilic/hydrophobic chemical patterns were washed with
ethanol and stored at room temperature.

2.3 Scanning electron microscopy
The surface and cross-section morphologies of polymer films were analyzed using
the ZEISS Leo 1530 (Carl Zeiss NTS GmbH, Germany; INT, KIT) scanning electron
microscope after gold sputtering (15 nm) using the Balzers Union MED 10 (INT, KIT).
The analysis chamber was held at ~9·10-6 mbar during experiment. The accelerating
voltage was held at 2 kV.

2.4 Measuring water contact angle and water dispensing/withdrawing
experiments
Water contact angles (WCA) were evaluated with UK1117 camera (EHD imaging
GmbH, Germany), 5 μL syringe (Hamilton, Switzerland) by a sessile drop measuring
method. The static WCAs were determined by placing 3 μL of MilliQ water to a substrate.
The advancing and receding WCAs were determined by the consecutive addition and
subtraction of MilliQ water to the droplet with maximum volume of 5 μl. The
measurements of WCAs were repeated at least four times. The calculation of WCA was
performed using ImageJ Drop Analyzer plug-in. Dispensing and withdrawing water
experiments (Fig. 5.2-5.4) was performed at flow speed 15 μl/min. The images of droplets
were captured at the speed 300 ms per frame.
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2.5 Measuring time and rate of droplet evaporation
The measurements of the time and evaporation rate of water droplets from
hydrophilic spots with different geometries were performed at 22-23 ºC and 13-16 %
relative humidity of air in a clean room. Deionized water was pipetted in a hydrophilic spot
surrounded by a 100 µm hydrophobic border. The hydrophilic/hydrophobic micropatterned
substrates were cleaned before the experiment with ethanol and extensively dried by using
an air gun. The initial ratio of droplet volume to a surface area was the same for spots with
different geometry 0,5 µl/mm2. The hydrophilic spots had circular, square, and hexagonal
geometries (Table 2.1). Images of the evaporating droplet were recorded every 5 sec by a
CCD-camera (UK1117, EHD imaging GmbH, Germany). The contact angle and height of
the evaporating droplet were measured using the produced images with the help of ImageJ
software. The droplet contact area (i.e. the area of hydrophilic spots), remained equal to the
initial droplet contact area during the experiments for all geometries of the hydrophilic
spots (Fig. 5.6). To obtain statistically representative data, the evaporation experiment for
each spot geometry was repeated at least six times.
Table 2.1. Dependence of the time and rate of droplet evaporation on the geometry and
area of hydrophilic spots.
Area of

Mass of

spot,

droplet,

mm2

mg

sec

103·mg/sec

Circle (3 mm diameter)

7,07

3,53

875±20

4,03

Square (3 mm side length)

9,00

4,50

960±25

4,69

Hexagon (2 mm side length)

10,39

5,20

1105±20

4,71

Geometry of
hydrophilic spot

Time of

Rate of

evaporation, evaporation,

2.6 Time-of-flight secondary ion mass spectrometry
Time-of-flight secondary ion mass spectrometry (ToF-SIMS) images were obtained
by ToF-SIMS 5 machine (ION TOF Inc., Munster, Germany). The analysis chamber was
held at ~8·10-9 mbar during experiment. The primary ion beam was generated by using a
liquid metal ion gun fitted with a pure bismuth ion. Bi1+ primary ion source with a kinetic
energy of 25 keV was used for all image and spectral data acquisition. All data were
collected in high mass resolution bunched mode unless otherwise indicated. The data were
analyzed by ION TOF software (ION TOF Inc., Munster, Germany). Spectra and images
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were acquired and care was taken to use a new sample area for each analysis. All images
contained 256×256 pixels. The field of view is given in figure legends.

2.7 Dynamic light scattering
Dynamic light scattering (DLS) measurements were performed using a Zetasizer
Nano ZS (Malvern Instruments, UK) equipped with 10 mW He-NE laser at a wavelength
of 633 nm. Bulk samples of HEMA-EDMA polymers obtained from the polymerization
mixtures (Table 3.1) were prepared by gentle removing polymer layers from the glass
support (Schott Nexterion B, Germany) using a spatula. The resulted samples were
collected into individual Eppendorf tubes followed by suspending in 1 ml of ethanol.
Afterwards, the tubes were sonicated in an ultrasonic bath (Elmasonic S 30 H, Germany)
for 5 min at room temperature. The samples were introduced into polystyrene cuvettes and
stabilized for 2 min at a room temperature. The autocorrelation functions were used to
obtain the size distribution of the polymer globules (Zetasizer Software v. 6.34, Malvern
Instruments, UK). All values of the globule size for each polymerization mixture were
averaged over 18 individual measurements.

2.8 UV-NIR transmittance spectroscopy
The transmittance of the HEMA-EDMA porous polymer layers in the UV to NIR
spectral range was measured using a commercial high-resolution spectrophotometer
(HR2000+, Ocean Optics, Germany). Each HEMA-EDMA film was prepared on a glass
support (Schott Nexterion B, Germany) using polymerization mixtures 1-6 (Table 3.1).
The polymer layers was circa 12,5 µm in thickness. Input and output UV/Vis/NIR light
beams were provided by a balanced deuterium tungsten-halogen light source (DH-2000BAL, Ocean Optics) and transmitted through two steel-jacketed optical fibers (QP400- 2SR-BX, Ocean Optics; 400 µm core diameter) optimized for transmission in the spectral
range 200–1100 nm. The transmitted light beam was dispersed into its various wavelengths
by a monochromator and sent to a CCD detector. All spectra were recorded and processed
using the SpectraSuite software (Ocean Optics). The absorption spectra were taken as the
negative logarithmic ratio of background-corrected signals. As reference the clean glass
slide (Schott Nexterion B, Germany) was recorded. Assuming a spherical shape of the
polymer particles and Mie-scattering regime, the spectra of light transmittance were
simulated by MiaPlot 4.3.05 software [171-175]. To show the relative transparency of
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HEMA-EDMA polymer layers the samples were placed over a printed template and
photographs were captured with Nikon Coolpix S8000 digital camera (China).

2.9 Generation of liquid gradients
Open liquid channels of different geometry were generated on an array of
hydrophilic HEMA-EDMA spots, each 3×3 mm. The spots were surrounded by
hydrophobic PFPMA borders. To generate gradient inside the channel a drop of 1 mg/ml a
food colorant or 1 mM fluorescein solution was secreted and suspended from a pipette tip
approximately 1 mm above the liquid pattern at one end of the channel. With one gentle
motion the drop was dislodged into the open channel from the tip. After the drop coalesced
with the fluid, the chemical starts quickly extending aside and along the middle line of the
channel (Fig. 5.6). The spreading of the chemical initially forms a stripe with a sharp
parabolic-shape end. The chemical distribution within the stripe becomes homogeneous
after a few minutes due to diffusion. Finally, the chemicals formed linear gradients along
the middle line of the channel independently of the geometry of liquid channels. The
resulting gradients were observed for 1 h after the drop coalesced with the liquid channel.

2.10 Cell cultures
Green and red fluorescent rat mammary carcinoma MLIy-CMV-EGFP-neo and
MLIy-CMV-mCherry-neo, human embryonic kidney HEK 293, human cervical tumor
HeLa, mouse embryonic fibroblasts NIH-3T3 cell lines were kindly donated by Prof.
Jonathan P. Sleeman and Dr. Olivier Kassel (Institute of Toxicology and Genetics, KIT,
Germany). Human Cervical tumor cell line HeLa expressing GFP was purchased from
BioCat (Heidelberg, Germany). All cell lines were cultured using DMEM, supplemented
with 10% FBS, 100 u/ml penicillin and 0,1 mg/ml streptomycin. Cells were cultured at
37oC in a humidified atmosphere of CO2 and 95% air. The initial cell seeding numbers
were 5–10×103 cells/cm2. The cultured cells were observed with inverted light microscope
(CKX 31 Olympus, Japan) and counted using a blood cell counting chamber (Neugebauer,
Germany).

2.11 Cell patterning
Patterning of cells on the hydrophilic/hydrophobic microstructured surfaces was
performed by simple pipetting a cell suspension onto the hydrophilic domains (Fig. 4.1 (i24
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iii)). To this end, an appropriate volume of cell suspension was pipetted onto each
hydrophilic region surrounded by a hydrophobic border. In that, the formed liquid patterns,
i.e. microliter droplets of cell suspensions were immobilized onto the patterned surface by
surface-tension forces between the hydrophilic and hydrophobic domains. The initial cell
seeding density was 50×103 cells/cm2. Cells were cultivated inside of separated reservoirs
at 37 oC and 5% of CO2 for 18 h. Glass plate was then washed with PBS in order to
remove non-adherent cells, and replaced in fresh cell culture medium. The adhered cells
were further cultivated conjointly. The fluorescence images were obtained either with a
Leica MZ10F fluorescence microscope (Germany), Leica DFC360 FX (Germany) and
Keyence BZ-9000 (Japan) microscopes.

2.12 Cell proliferation assay
HEK 293 cells were seeded on HEMA-EDMA substrate at concentration of 25×103
cells/cm2. Cell proliferation of cells was assessed by an increase of the number of adhered
cells. The number of only adhered cells was counted at 24 h, 48 h and 72 h after seeding.
The experiment for each time point was repeated at least three times to obtain
representative values.

2.13 Cross-contamination assay
MLTy-mCherry red fluorescent cells and HeLa-EGFP green fluorescent cells were
seeded at concentration 50×103 cells/cm2 into neighboring hydrophilic HEMA-EDMA
domains of rectangular geometry, each 3×10 mm. The hydrophilic domains were
surrounded by a hydrophobic PFPMA background and separated with a thin hydrophobic
gap in between. In all experiments the width of the hydrophobic gap was 100 µm. The
cells in the isolated hydrophilic compartments (i.e. separated microliter-volume droplets)
were cultured for 18 h to get cells adhered to the surface of their own compartment.
Afterwards, the adjacent compartments of the red and green fluorescent adhered cells were
connected, washed several times with PBS and immersed into the same medium in a Petri
dish. Further, the patterned cells were co-cultured for 24 h, 48 h and 72 h and fixed with
4% formaldehyde. The fluorescent and bright flied images of the patterned cells were taken
using a fluorescent microscope (Keyence BZ-9000, Japan). The images were processed by
using with BZ-II Analyzer software (Keyence, Japan). The cross-contamination rate
between the adjacent cell patterns was calculated based on the fluorescent intensity by
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using ImageJ software. Experiments for each time point of cultivation were repeated at
least 3 times to obtain representative values.
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Chapter 3
Fabrication and characterization of a hydrophilichydrophobic micropatterned surface for
generation of liquid patterns

3.1 Summary
In this chapter, a new and facile method for the generation of liquid patterns with
on-demand geometry is presented. The method is based on the surface-tension confinement
of aqueous solutions on a patterned surface. The patterned surface consists of highly
hydrophilic and hydrophobic regions. Liquid patterns are generated by simple pipetting of
the solution onto the hydrophilic domains. The patterned surfaces were prepared on a glass
support by in situ UV-initiated free radical polymerization of poly(2-hydroxyethyl
methacrylate-co-ethylene dimethacrylate) (HEMA-EDMA), followed by the generation of
the hydrophobic domains by photoinitiated grafting with 2,2,3,3,3-pentafluoropropyl
methacrylate (PFPMA). The wettability, transparency, porous properties and chemical
composition of the HEMA-EDMA substrate and PFPMA-domains were thoroughly
characterized by static and dynamic water contact angle (WCA) measurements, UV-Vis
spectroscopy, scanning electron microscopy (SEM), dynamic light scattering (DLS)
measurements and time-of-flight secondary ion mass spectrometry (ToF-SIMS). The
transparency of the thin HEMA-EDMA polymer layer is well-suited for a microscopic
observation of samples. The high difference in wettability of the highly hydrophilic and
hydrophobic domains allows the strong immobilization of droplets inside the hydrophilic
area and durability during user manipulations. The developed technique enables the
achievement of micrometer-precise liquid patterns without special skills, sophisticated
dispensing equipment or a clean room and would be suitable for a variety of studies
associated with liquid patterning.
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The control over the spreading of fluids and precise confinement of their shape on a
surface has a plethora of engineering applications such as generation of surface gradients
[176, 177], microparticles and cell patterning [178], droplet-driven material transfer and
microfluidics in open liquid channels [179, 180], devices for liquid-liquid extraction [181]
and droplet manipulation [182, 183]. However, among the existing surface patterning
techniques there are only a few that allow the fabrication of liquid patterns, i.e. the
generation of droplets of liquid on the substrate with geometry on-demand.
Notably, the well-known surface-wetting theory was applied to develop a new
strategy for the confinement of fluids on a surface. Lipowsky and co-authors describe
theoretical aspects of wetting and dewetting of heterogeneously patterned surface [184189]. Whitesides and co-authors as well used the theoretical frameworks and finite element
methods to predict the shape of droplets on hydrophilic/hydrophobic patterned surfaces
[190-193]. This wetting/dewetting approach for liquid patterning is based on the fact that
the shape of a droplet resting on a surface depends on its volume, the surface tension of a
liquid, the contact angle, and the shape of the contact line [194]. In turn, the shape of the
contact line can be controlled by patterning a substrate with hydrophilic and hydrophobic
regions. The hydrophobic regions act as virtual walls, while the hydrophilic regions play a
role of virtual reservoirs for liquid. In that, the geometry of the droplet is defined by the
geometry of the contour of hydrophobic regions.

A

B

Fig. 3.1. Liquid patterning approach based on using hydrophilic/hydrophobic patterned
surfaces. (A) Microliter volume patterns fabricated by a mask method. Scale bars 3 mm.
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(B) Nanoliter volume patterns fabricated by microcontact printing. Scale bars 300 µm.
[178]
Liquid patterning based on the surface-tension confinement between hydrophilic
and hydrophobic domains has been extensively elaborated by Hancock et al. [176-178].
The fabrication of the hydrophilic/hydrophobic structured surface was performed by
masking or microcontact printing for macro- and microscale surface patterns, respectively.
In the case of the mask method, first, a vinyl stencil or cutout was precision-cut with a
cutting plotter. Afterwards, they were coated with a hydrophobic spray (WX2100, Cytonix
Corp., USA) and finally applied to a hydrophilic glass support. For microscale patterning,
a

PDMS-stamp

was

fabricated

by

soft

lithography

and

spin-coated

with

octadecyltrichlorosilane (OTS) solution. The PDMS-stamp was pressed onto a glass slide,
leaving the hydrophobic OTS fingerprint on it. The generation of liquid patterns at the
macroscale was performed by simple pipetting of liquid onto the hydrophilic regions,
resulting in the spreading of liquid inside the hydrophilic domains until the hydrophobic
borders (Fig. 3.1 A). However, the features of hydrophilic/hydrophobic patterned surfaces
fabricated by the microcontact printing technique were too small for direct pipetting or
dispensing liquid. Thereby, nanoliter-volume liquid patterns at the microscale were
generated in the humidified chamber by rolling microliter-volume droplets over the
patterned area (Fig. 3.1 B). Hancock and co-authors used a hydrophilic channel surrounded
by a hydrophobic boundary to produce centimeter-scale long gradients of biomolecules,
microparticles and cells by means of passive capillary flow. The integration of microwell
arrays into the open liquid channel enables high-throughput screening studies [177]. They
further utilized the approach to generate linear gradients of bio-hydrogels for the
investigation of cell motility [176]. In addition, by using finite element simulations to
predict

the

3D

shape

of

nano-

and

microliter

droplets,

the

geometry

of

hydrophilic/hydrophobic surface patterns could be predefined in order to control the
surface concentration of cells or microparticles [178].
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A

B

1.5 mm

Fig. 3.2. Liquid pattering approach based on using superhydrophilic/superhydrophobic
patterned surfaces. (A) SEM micrograph of non-coated (bright, left side) and
fluoropolymer (dark, right side) coated silicon nano-grass with corresponding photographs
of sessile water droplets. (B) Examples of liquid patterns. [182]
The stability of liquid patterns significantly depends on the difference in wettability
of

the

hydrophobic

and

hydrophilic

domains.

Jokinen

et

al.

used

superhydrophilic/superhydrophobic patterned surface for the generation of droplets with a
geometry of interest [182]. The superhydrophilic substrate was manufactured from silicon
wafer by deep reactive ion etching, resulting in a highly rough silicon surface (also known
as black silicone or nanograss). The superhydrophobic domains were fabricated by
fluoropolymer coating using photolithography (Fig. 3.2 A). Droplets of various geometries
were generated on the microstructured surface by pipetting water or oil inside the
superhydrophilic

regions

(Fig.

3.2

B).

Jokinen

and

co-authors

used

superhydrophilic/superhydrophobic patterned surfaces to advance the control over passive
droplet transfer and droplet splitting suitable for microfluidic applications [182, 183]. By
using a special design of surface patterns to create the oil-water droplets, they performed
multiphase liquid-liquid (aqueous-organic-aqueous) extraction for immiscible liquids
[181]. This approach can be further developed for the investigation of liquid partition or
mimicking of drug-permeation processes.

A

B

Fig. 3.3. Liquid pattering approach based on micropatterned structures with undercut
edges. (A) SEM micrographs of circular micropatterns with undercut edges. (B) Liquid
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droplets with the shape of concentric circles (water dyed blue, ethylene glycol dyed
yellow, hexadecane dyed red). [195]
An interesting approach for liquid patterning has been developed by Liimatainen et
al. [195]. The method is based on the pinning of a liquid by undercut edges. This effect is
described by Gibbs inequality:
180
where
and

is the static contact angle of a smooth surface,

(1)
is the apparent contact angle,

– the angle of an undercut edge. Thereby, a spreading liquid meeting an undercut

sharp edge ( ≈0) may have ultra-high values of apparent contact angle, which
significantly exceed the contact angle of the smooth surface. The surface micropatterns
with undercut edges were fabricated on silicon or silicon oxide wafers by standard
photolithography followed by dry etching for the undercut structure (Fig. 3.3 A). By using
the effect of undercut topography to obtain ultrahydrophobicity (

=180°), liquid

patterns could be generated by simple pipetting of fluid onto the etched areas, resulting in
the fast spreading of the liquid along the undercut contours (Fig. 3.3 B).

3.3 Fabrication of hydrophilic/hydrophobic patterned surfaces
The fabrication of hydrophilic/hydrophobic patterned surfaces includes two main
steps. First, a glass slide is coated with hydrophilic porous poly(2-hydroxyethyl
methacrylate-co-ethylene dimethacrylate) (HEMA-EDMA) film. Then, hydrophobic
patterns are fabricated on the hydrophilic polymer film by photoinitiated grafting with
2,2,3,3,3-pentafluoropropyl methacrylate (PFPMA) (Fig. 2.1, 2.2).
A ca. 12,5 μm-thin highly hydrophilic nanoporous HEMA-EDMA film is
synthesized on a glass substrate by the free-radical UV-initiated polymerization of a
mixture of monomer 2-hydroxyethyl methacrylate (24 wt. %) and cross-linker ethylene
dimethacrylate (16 wt. %) in the presence of 1-decanol (12 wt. %) and cyclohexanol (48
wt. %) serving as porogenic solvents, and initiator 2,2-dimethoxy-2-phenylacetophenon
[158, 160]. The polymerization mixture is dispensed into a slit between silylated and
fluorinated glass slides and placed under UV light for 15 min (Fig. 3.4 (i)). Afterwards, the
glass slides are separated by a scalpel. During the UV-irradiation the HEMA-EDMA
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polymer becomes covalently bound to the silylated glass slide, whereas the fluorinated
glass slide remains intact [158, 196]. The obtained polymer film is extensively washed
with and immersed in ethanol for 24 h, followed by drying with an air gun, and storing at
room temperature.

Fig. 3.4. Schematic description of the pattern fabrication procedure: (i) preparation of a
hydrophilic nanoporous polymer film on a glass substrate by photoinitiated polymerization
of 2-hydroxyethyl methacrylate and ethylene dimethacrylate in the presence of porogens;
(ii) formation of hydrophobic barriers and hydrophobic background areas by photoinitiated
surface grafting with poly(2,2,3,3,3-pentafluoropropyl methacrylate) brushes through a
quartz photomask.
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The second step in the preparation of hydrophilic/hydrophobic patterned surfaces is
the fabrication of hydrophobic barriers on the hydrophilic HEMA-EDMA substrate. To
this end, the surface of HEMA-EDMA is modified with polymer brushes of hydrophobic
2,2,3,3,3-pentafluoropropyl methacrylate (PFPMA) by photoinitiated grafting [160, 162168]. The porous polymer film is impregnated with a photografting mixture composed of
2,2,3,3,3-pentafluoropropyl methacrylate (25 % wt.) as a photografting agent, cross-linker
EDMA (1,7% wt.) and initiator benzophenone (0,4% wt.) in water/tert-butanol (1/3 v.)
mixture. The impregnated polymer film is then covered with 50 µm-thin Teflon foil. After
that, a quartz photomask with the desired pattern geometry is placed over the Teflon foil
(Fig. 3.4 B (ii)). The whole construct is irradiated with UV-light for 15 min. The area
exposed to UV-light becomes hydrophobic, while the area protected by non-transparent
regions of the photomask remains hydrophilic. The obtained hydrophilic/hydrophobic
patterned surface is washed with ethanol and stored at room temperature.

3.4 Generation of liquid patterns
Liquid patterns on the hydrophilic/hydrophobic microstructured surfaces are
generated by pipetting an aqueous solution onto the hydrophilic regions (Fig. 3.5 A). Once
injected onto the hydrophilic areas, the aqueous solution spreads until the water repellent
barrier. The geometry of the liquid pattern is defined by the contour of the hydrophobic
border. The high difference in wettability between HEMA-EDMA and PFPMA areas
ensures the confinement of the liquid within the hydrophilic region [178, 182].
In order to assess the wettability of the hydrophobic and hydrophilic areas we
measured the water contact angles (WCA) of both substrates. The results showed that
HEMA-EDMA polymer film is highly hydrophilic with static, advancing and receding
WCAs being

=17,4±0,5˚,

=24,1±0,2˚ and

=3,8±0,1˚, respectively. The UV-

initiated grafting of the HEMA-EDMA substrate with PFPMA polymer brushes [197]
switches the wetting properties to hydrophobic. Therefore, the PFPMA-modified area
possessed the following WCA values:

=81,2±0,9˚,

=96,4±1,1˚ and

=10,6±0,4˚

(Fig. 3.5 B).
The design of the photomask defines the geometry of the hydrophobic
microstructures fabricated onto the hydrophilic substrate. Variety of PFPMA micropatterns
can be generated by the UV-initiated grafting (Fig. 3.5 C). In addition, liquid patterns can
be formed in close proximity to each other.
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In order to find the minimal hydrophobic gap that ensures separation of dispensed
microdroplets, different widths of hydrophobic barriers between hydrophilic areas were
tested. In this experiment, hydrophilic/hydrophobic micropatterns were prepared where
each hydrophilic area had the rectangular geometry (2×10 mm). The width of hydrophobic
gaps between hydrophilic rectangles was 25 µm, 50 µm or 100 µm. Then, 10 µl of milliQ
water (50 µl/cm2) was injected onto each hydrophilic region in order to test the ability of
the hydrophobic gaps to separate liquid into adjacent hydrophilic compartments. All
hydrophobic gaps prevented the connection of water droplets (Fig. 3.6 A).

A
hydrophobic
hydrophilic

B

hydrophilic area
θst=17.4°±0.5°
θadv=24.1°±0.2°
θrec=3.8°±0.1°

hydrophobic area
θst=81.2°±0.9°
θadv=96.4°±1.1°
θrec=10.6°±0.4°

C

Fig. 3.5. (A) Schematic description of the generation of liquid patterns: the pipetting of an
aqueous solution into hydrophilic regions surrounded by hydrophobic borders generates a
liquid reservoir (i.e. liquid pattern) confined by the contour of the hydrophobic border. (B)
Photographs of the microstructured surface and milliQ water microdroplets on the
hydrophilic and hydrophobic areas with corresponding values of WCAs. The width of
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hydrophobic border is 100 µm. (C) Examples of liquid patterns with different geometry.
The width of hydrophobic borders is 100 µm. All scale bars are 3 mm.
Although the 25 µm hydrophobic border was able to prevent the overflow of water
and keep the droplets in the adjacent compartment, it was found that water could leak
beneath the surface of the barrier. Fig. 3.6 B shows micropatterns filled with water 20 s
after addition of water. In the case of 25 µm border, the water spreading occurred only
underneath the surface of the barrier, whereas the droplet by itself was still immobilized in
the hydrophilic area. However, the leaking did not happen in the case of 50 µm and 100
µm.

A

B

Fig. 3.6. (A) Set of 2×10 mm adjacent hydrophilic patterns filled with miliQ water and
corresponding microscopic images of 25 µm, 50 µm and 100 µm hydrophobic borders
between two separated water compartments. Scale bars are 3 mm (images of water
patterns) and 200 µm (microscopic images of the hydrophobic borders). (B) Set of 2×10
mm adjacent hydrophilic patterns. Only one pattern in each set is filled with water. The
dash line corresponds to water frontier. Microscopic images show enlarged area between
two hydrophilic patterns of each set. Scale bars are 3 mm (water pattern image) and 1000
µm (enlarged images of hydrophobic gaps).
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3.5 Microscale morphology of hydrophilic/hydrophobic patterned
surfaces
Surface morphology was analyzed by conventional scanning electron microscopy
(SEM). Fig. 3.7 shows the hydrophilic/hydrophobic microstructured surface and SEM
micrographs corresponding to the highlighted regions. The shown surface possesses six
parallel hydrophilic rectangles separated by thin hydrophobic borders and surrounded by
hydrophobic background. Each HEMA-EDMA hydrophilic compartment is 3 mm in width
and 10 mm in length. The PFPMA hydrophobic borders between the hydrophilic
compartments are 100 µm in width.
According to the top and cross-section SEM micrographs, the obtained HEMAEDMA monolith has a highly porous structure. The thickness of the polymer substrate
before photografting was 9,7±1,5 µm, while the thickness of the used Teflon spacers was
12,5 µm (Fig. 3.7 A). The decrease in the thickness of the polymer film may be explained
by the shrinkage of polymer during drying. In addition, the sizes of pores and globules
were quantified using SEM images and an ImageJ plug-in. The average pore size was
158±35 nm. The microglobules consist of spherical polymer nanoparticles, which are fused
with each other. The average size of a single nanoparticle is 36±6 nm.
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Fig. 3.7. Patterned surface and corresponding SEM micrographs. (A) Hydrophilic HEMAEDMA polymer film. (B) Hydrophobic PFPMA-grafted background. (C) 100 µm thin
hydrophobic PFPMA-modified strip.
The PFPMA-modified background region has a completely smooth and non-porous
superficial polymer layer, while remaining highly porous and globular in structure in the
bulk (Fig. 3.7 B). Noteworthy, the thickness of the polymer layer was increased in
comparison with the non-grafted HEMA-EDMA substrate. By using SEM cross-sectional
images obtained from four samples, the average thickness of the polymer film after
photografting was quantified to be 11,2±1,0 µm. In contrast, the superficial layer of 100
µm thin PFPMA-borders remained porous with structure similar to the non-grafted
substrate. The SEM micrograph of the cross-section showed a highly porous structure of
the grafted polymer in bulk (Fig. 3.7 C). The average size of pores and globules in the
superficial layer was 88±29 nm and 62±9 nm, respectively. The thickness of the modified
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polymer layer was increased by 11,6±1,2 µm as well, forming a step-like structure. We
assume that the increase in the thickness of the polymer layer (in comparison with the nongrafted monolith) may occur due to the alteration of the polymer layer stiffness caused by
clumping of the pores and growth of the monolith volume after the photografting
procedure.

3.6 Chemical composition of hydrophilic/hydrophobic patterned surfaces
Time of flight secondary ions mass spectrometry (ToF-SIMS) was employed in
order to confirm the modification of HEMA-EDMA polymer with PFPMA agent during
the photografting process. Fig. 3.8 shows negative C3H2F5O--ion ToF-SIMS images
corresponding to the marked regions on the patterned surface. The patterned surface
consists of six hydrophilic HEMA-EDMA regions with rectangular geometry, 3×10 mm
each. The rectangles are separated by 50 µm hydrophobic PFPMA borders and surrounded
by PFPMA background.
The C3H2F5O--ion signals were detected only on the UV-light exposed area. The
absence of such signals on the photomask-protected regions confirms the selectivity of the
photografting process (Fig. 3.8 A,B). Noteworthy, the average C3H2F5O--ion signal from
the PFPMA-modified area is 700 fold higher as compared to the non-modified area (Fig.
3.9). The ToF-SIMS image of the cross-scan over the PFPMA-modified and HEMAEDMA non-modified surface also confirms the selective modification of the background
area, while keeping intact the area protected with the photomask. The distribution of
C3H2F5O--signal intensity has a clear step-like shape at the boundary between the
hydrophobic background and hydrophilic domain (Fig. 3.8 C). According to the intensity
plot, the width of the step is 80 µm. Since ToF-SIMS is a surface chemistry sensitive
method, the increase in intensity of C3H2F5O- signals corresponds to the increased density
of PFPMA residues. The increased modification ratio may be explained by the excess of
photografting mixture that comes from the UV protected area due to diffusion and
temperature convection.
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Fig. 3.8. Photograph of a hydrophilic/hydrophobic micropatterned surface and
corresponding negative C3H2F5O--ion ToF-SIMS images with intensity plots. (A) HEMAEDMA polymer film. (B) PFPMA-modified hydrophobic background area. (C) Region
between PFPMA-modified area and intact HEMA-EDMA polymer. (D) 50 µm PFPMA
hydrophobic border. Each ToF-SIMS image has a resolution of 256×256 pixels.
The intensity of C3H2F5O- signals across as well as along the border is entirely
homogeneous (Fig 3.8 D). The border has straight and sharp edges. The measured border
width is 50 µm, which matches the dimensions of the used photomask, demonstrating the
accuracy of the photografting process.

Fig. 3.9. Mass spectra C3H2F5O- signals of hydrophilic HEMA-EDMA (blue) and
hydrophobic (black) PFPMA regions of the patterned surface.
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Although ToF-SIMS surface analysis allows one to obtain information about the chemical
composition of a superficial surface layer, the depth of chemical analysis does not exceed a
few micrometers. To confirm that the photografting of HEMA-EDMA monolith with
PFPMA occurs in bulk, we performed a ToF-SIMS measurement of a cross-section for a
100 µm-wide PFPMA border. Since the polymer film is ~10 µm thick, the ToF-SIMS
analysis was performed in high lateral resolution mode. This mode allows resolving
objects down to ~500 nm lateral resolution, but is accompanied by the loss of high mass
resolution. Therefore, it was not possible to obtain the signal for C3H2F5O- ions, as well as
for CF3- and C2F5- ions. However, we were able to detect strong F- signals, confirming the
presence of PFPMA and its derivatives. Fig. 3.10 shows ToF-SIMS images of a HEMAEDMA polymer film cross-section with the 100 µm-wide PFPMA border obtained after 1
min and 15 min photografting. Each image is composed of O-, C- and F- signals. According
to the obtained data, ions of fluorine were homogeneously distributed in the bulk of the
impregnated film after 1 min of UV-light irradiation. There was an increase in F- signal
intensity in the region close to the glass support after 15 min of UV-irradiation. This might
be associated with the binding of PFPMA molecules to unreacted methacrylate groups,
which remain intact on the surface of the glass slide after the UV-irradiation of the
polymerization mixture.
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Fig. 3.10. ToF-SIMS cross-sectional images of a 100 µm-wide PFPMA hydrophobic
border after (A) 1 min and (B) 15 min photografting. Each ToF-SIMS image is composed
of O- (blue), C- (green) and F- (red) negative secondary ions’ signals. Resolution of each
image is 256×256 pixels.

3.7 Influence of porogen content on the porous structure of HEMAEDMA monoliths
The porous structure of a polymer is strongly dependent on the porogenic solvent.
In this work, HEMA-EDMA monoliths with different size of polymer particles were
prepared by varying the content of porogenic solvents in pre-polymer mixtures. During
polymerization, polymer particles are formed by phase separation due to limited solubility
of a polymer in popogenic solvent [160, 198]. Therefore, the porous properties can be
tuned by using various porogens with different solubility parameters between the polymer
and the solvent [199, 200]. Being a poor solvent for HEMA-EDMA, cyclohexanol leads to
the formation of small polymer particles, while 1-decanol is a good solvent for HEMAEDMA in that it tends to the formation of larger polymer particles [159, 160, 201]. In order
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to tune the porous properties of HEMA-EDMA, different ratios of cyclohexanol and 1decanol were used as pore-forming solvents in the polymerization mixture. The ratio of
porogens to monomer (HEMA) and cross-linker (EDMA), i.e. porosity of monolith, was
kept constant, 60 wt. % for all pre-polymer mixtures.
Six polymerization mixtures with varying proportions of cyclohexanol and 1decanol were prepared. All mixtures contained 24% (wt.) monomer 2-hydroxyethyl
methacrylate, 16% (wt.) cross-linker ethylene dimethacrylate, 1% (w/w, with respect to the
monomer and cross-linker) initiator 2,2-dimethoxy-2-phenylacetophenone and 60% (wt.)
porogens cyclohexanol and 1-decanol (Table 3.1). The weight percentage of 1-decanol in
the polymerization mixture was 0% in mixture 1 (pure cyclohexanol as the sole solvent),
10% in mixture 2, 12% in mixture 3, 15% in mixture 4, 20% in mixture 5, 30% in mixture
6. These polymerization mixtures were then used to prepare 12,5 µm thick polymer layers
on glass substrates by UV-initiated free-radical polymerization.
Table 3.1. Content of polymerization mixtures used for preparation of HEMA-EDMA
monoliths.
Initiator

Monomer

(DMPAP),

(HEMA),

%wt.*)

%wt.

Mix 1

1

Mix 2

Mixture

Porogens, %wt.

Cross-linker
(EDMA), %wt.

1-decanol

cyclohexanol

24

16

0

60

1

24

16

10

50

Mix 3

1

24

16

12

48

Mix 4

1

24

16

15

45

Mix 5

1

24

16

20

40

Mix 6

1

24

16

30

30

*) the percentage (w/w) of the initiator is given with respect to the monomer and crosslinker.
The SEM micrographs of the porous polymer layers shown in Fig. 3.11 confirm the
gradual increase in the size of microglobules and pores as the 1-decanol content of the
polymerization mixture was increased. The average pore sizes for the porous polymers
obtained from mixtures 1-6 are 136, 133, 158, 184, 362, and 1403 nm, respectively. The
microglobules consist of smaller particles fused with each other. The average sizes of a
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sole microparticle for mixtures 1-6 were 35, 34, 36, 40, 63, and 213 nm, respectively
(Table 3.2).
Table 3.2. Porous properties of HEMA-EDMA monoliths.
Mixture

Content of porogens, % wt.

Pore sizea,

Particle sizea,

Globule sizeb,

1-decanol

cyclohexanol

nm

nm

nm

Mix 1

0

60

136±35

35±6

357±28

Mix 2

10

50

133±51

34±5

411±27

Mix 3

12

48

158±35

36±6

447±33

Mix 4

15

45

184±37

40±5

462±25

Mix 5

20

40

362±80

63±10

466±15

Mix 6

30

30

1403±217

213±26

583±35

a

measured by SEM

b

measured by DLS
The porous structure of polymer surfaces was observed by using SEM. In order to

examine porous properties in the bulk polymer, DLS measurement was employed. The
monolith matrix is composed of polymer particles fused together. By using DLS the
average size of the polymer microglobules was evaluated (Fig. 3.12, 3.13). To this end, the
polymers were gently removed from the glass support into individual Eppendorf tubes
followed by sonication in an ultrasonic bath at a room temperature. This procedure helped
to disintegrate the monolithic structure of the polymer into individual polymer particles
that could be characterized by DLS. Afterwards, the autocorrelation functions and
corresponding sizes of particles were measured by a Zetasizer Nano (Malvern, UK). The
mean values of the microglobules size for porous polymers obtained from mixtures 1-6 are
357, 411, 447, 462, 466, and 583 nm, respectively (Table 3.2). Thus, by decreasing the
weight ratio of cyclohexanol to 1-decanol in the polymerization mixture and keeping the
amounts of monomer and cross-linker unchanged, the significant increase of both the pore
and the globule size of the polymer were achieved.
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Mix 1

Mix 2

Mix 3

Mix 4

Mix 5

Mix 6

Fig. 3.11. SEM micrographs of HEMA-EDMA polymer monoliths with different content of porogens in the polymerization mixture. See
Table 3.1 for the compositions and Table 3.2 for the quantification of the porous structure. Scale bars are 2 µm (top) and 400 nm (bottom).
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A

B

C

D

E

F

Fig. 3.12. Size distribution of the polymer particles produced by disintegration of the matrix of poly(2-hydroxyethyl methacrylate-co-ethylene
dimethacrylates) with different porous structures. Polymers were produced by varying the content of porogens in the polymerization mixture.
The microglobule size of the polymers is increased from A to F by changing the composition of the polymerization mixtures, with A to F
corresponding to the mixtures 1 to 6, respectively. The globule size was determined by DLS.
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Fig. 3.13. Gaussian curves approximating size distribution of polymer particle in the bulk
monoliths obtained from the polymerization mixtures 1–6 (Table 3.1). The full width at
half maximum of Gaussian fits are 113 µm (Mix 1), 94 µm (Mix 2), 100 (Mix 3), 102 (Mix
4), 77 µm (Mix 5) and 142 (Mix 6).

3.8 Influence of porous structure on transparency of HEMA-EDMA
polymer films
The transparency of polymethacrylate monoliths depends significantly on their
porous structure, in particular, on the size of polymer globules that scatter the incident light
[200]. In turn, the size of globules can be varied by changing the content of porogens [159,
201].
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Fig. 3.14. Coordinate geometry for Rayleigh and Mie scattering.
The light scattering takes place when an incident light ray encounters an obstacle or
non-homogeneity in medium (Fig. 3.14). The formal theoretical description may be
categorized in terms of two frameworks: Rayleigh and Mie scattering theory [202-204].
The implementation of one or another theory relies on the size of scattering particles and
wavelength of the incident light, which is defined as dimensionless parameter α:

(1)

where

is the diameter of the scattering particle,

criterion for Rayleigh scattering is

is wavelength of the incident light. The

1. In this case, the size of scattering particles is

sufficiently smaller than the wavelength of the incident electromagnetic irradiation. The
scattered light intensity, , can be described by the following equation:

Ф

where

is the intensity of the incident light, Ф is the scattering angle,

(2)

is the distance

from the scattering particle to the observation point, n is the relative refractive index.

(3)
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where

is refractive index of the scattering particle and

is refractive index of the

medium. Generally, the Rayleigh theory is applied for calculation of the scattering
intensity when

~ 1 -100 nm.
1, the size of the scattering particle is much larger than the wavelength of

If

the incident electromagnetic irradiation. In this case, the scattering of light can be
described by Mie theory, and the intensity of scattered light is given by the equation:

(4)

where

and

are Mie scattering parameters, with are infinity series given by:

∑
∑

,

cos Ф

cos Ф

cos Ф

cos Ф

are angular functions, which are the first order of Legendre function (

(5)

):

Ф

(6)

Ф

and

are Mie coefficients:

(7)

and

are Ricatt-Bessel functions, which are defined in terms of the half-

integer-order Bessel function of the first kind (

):
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(8)

is the half-integer-order Henkel function of the second kind, where
parameter is defined in terms of the half-integer-order Bessel function of the second kind
(

):

(9)

Finally, the intensity of scattering cross-section can be described as:

∑

2

1 |

|

| |

(10)

In order to obtain a transparent HEMA-EDMA polymer film, the scattering of the
incident light should be minimized. The sizes of the polymer globules of the HEMAEDMA monoliths, prepared by using polymerization mixture 1–6 (Table 3.1), vary in the
range of 300–600 nm (Table 3.2). Therefore, the parameter

1 for all wavelengths in

UV-Vis range and the scattering of the incident light can be estimated in terms of the Mie
scattering theory. By using equations (7-10) assuming a spherical shape of the polymer
particles and Mie-scattering regime, the spectra of light transmittance were simulated [171175]. Fig. 3.15 and Fig. 3.16 show the transmittance spectra (dashed lines) of the particles
in air and water mediums. The decrease of the polymer globules size leads to a gradual
decrease the transmittance first in UV-Vis and then in NIR-range for both media. The
calculated transmittance for distinct wavelengths corroborates with the obtained spectra
(Table 3.3, 3.4).
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Fig. 3.15. UV-NIR transmission spectra of HEMA-EDMA polymer films in air. Globules
and pore size of the monoliths are reduced by changing the composition of the
polymerization mixture, with (A) to (E) corresponding to the mixture 1 to 6 (Table 3.1),
respectively. Solid and dashed lines correspond to the experimental and simulated data,
respectively. Thickness of the layers is 12,5 µm. Porosity of the polymers is 60 %.
Table 3.3. Comparison of the light transmission by polymer particles obtained
experimentally and estimated by using the theoretical approximation. Samples are in air.
,
Mix 1
Mix 2
Mix 3
Mix 4
Mix 5
Mix 6

%
41,3
18,2
13,3
11,9
1,0
0,1

=400 nm
,
%
34,7
21,6
13,2
10,3
9,8
0

dev.,
%
–16,0
+18,7
– 0,8
–13,5
+89,8
—

,
%
73,8
76,8
73,2
70,5
41,9
0,4

=650 nm
dev.,
,
%
%
77,1
+4,5
66,0
–14,1
59,3
–19,0
57,1
–19,0
57,1
+15,2
34,3
+8475

=1000 nm
,
dev.,
,
%
%
%
88,1
93,6
+6,2
96,2
90,2
–6,3
97,1
87,5
–9,9
96,3
86,5
–10,4
85,0
86,4
+1,7
0,9
72,8
+7988
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Fig. 3.16. UV-NIR transmission spectra of HEMA-EDMA polymer films in water.
Globules and pore size of the monoliths are reduced by changing the composition of the
polymerization mixture, with (A) to (E) corresponding to the mixture 1 to 6 (Table 3.1),
respectively. Solid and dashed lines correspond to the experimental and simulated data,
respectively. Thickness of the layers is 12,5 µm. Porosity of the polymers is 60 %.
Table 3.4. Comparison of the light transmission by polymer particles obtained
experimentally and estimated by using the theoretical approximation. Samples are in water.
,
Mix 1
Mix 2
Mix 3
Mix 4
Mix 5
Mix 6

%
94,9
89,6
82,0
78,5
65,0
2,5

=400 nm
,
%
72,4
62,6
55,2
52,2
51,6
23,2

dev.,
%
–23,7
–30,1
–32,7
–33,5
–20,6
+20,7

,
%
95,9
98,3
97,1
95,7
91,6
31,1

=650 nm
dev.,
,
%
%
89,1
–7,1
84,6
–13,9
81,0
–16,6
79,6
–16,8
79,3
–13,4
65,8 +111,6

=1000 nm
,
dev.,
,
%
%
%
96,5
95,9
–0,6
99,5
94,1
–5,4
99,9
92,8
–7,1
99,5
92,2
–7,3
98,4
92,1
–6,4
65,1
86,1
+32,3
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Fig. 3.17 shows the photographs of the polymer films prepared on a glass support
both in the dry state and impregnated with water. The corresponding transmittance spectra
of the dry and wet samples were measured by using a spectrophotometer. The resulted
transmittance spectra (solid lines, Fig. 3.15, 3.16) represented the same regularities as the
theoretically estimated spectra that are the rise of globule sizes results in decrease of the
transmittance of light initially in UV-Vis and latter in NIR-range. The transmittance values
for distinct wavelengths are represented in Table 3.3 and Table 3.4 for air and water
mediums, respectively.

Fig. 3.17. Photographs showing relative transparency of HEMA-EDMA layers obtained
from mixtures 1-6 on glass supports. (A) Polymer layers in dry state. (B) Polymer layers
wetted by water.
Although the theoretically and experimentally obtained spectra of transmittance
showed the same regularities, the discrepancy of theory and experimental data was found
in the range of 1-25 % for the transmittance values in case of air medium, and 1-35 % for
the transmittance values in case of water medium (Table 3.4, 3,5) for the polymers
obtained for the polymerization mixtures 1-5. For the polymer obtained from the
polymerization mixture 6 the simulation was inadequate to the experimental results. The
mismatch between the simulations and experiments can be associated with the non-ideal
spherical shape of the polymer globules (Fig. 3.11), which leads to a wrong estimation of
scattering by the Mie theory, because the theory only applies to a spherical shape of
scattering particles. Furthermore, the theory is based on the assumption that the small
spherical particles are distributed in a medium, whereas the polymer globules are fused
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with each other and still in the polymer matrix. Moreover, the simulations were performed
regardless the thickness and bulk properties of the polymer films. Finally, the incident light
is scattered by particles with a continuum of polymer particles sizes, while the simulations
include only fifty discrete number of particle sizes within the calculated standard deviation
values.

3.9 Influence of porous structure on the wetting properties of HEMAEDMA polymer films
The combination of material chemistry and surface morphology influences on the
surface wetting properties [205, 206]. Therefore, the change in the morphology of porous
polymers should alter the hydrophilicity of polymer layers prepared on a glass support
[160, 201]. Fig. 3.18 and Table 3.5 show static WCAs for the porous layers obtained from
the six polymerization mixtures 1-6. The increase in the size of pores and microglobules is
accompanied by a drop in

from 28,5º (Mix 1) to 11,5º (Mix 6). Since the

polymerization mixtures consist of equal amounts of the monomer, cross-linker and
initiator, the chemical nature of fabricated monoliths is the same and the observed decrease
of

is the result of surface morphology. The increase in hydrophilicity can be explained

by the growth of microscale roughness associated with significant increase in the size of
the structural features of the polymer films (Table 3.2, Fig. 3.11).

Mix 1

Mix 2

Mix 3

Mix 4

Mix 5

Mix 6

Fig. 3.18. Photographs of water droplets on HEMA-EDMA layers obtained from the
polymerization mixtures 1-6. The size of globules and pores in the polymers is increased
from mix 1 to mix 6.
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Table 3.5. Static WCAs of HEMA-EDMA polymer layers prepared with different content
of porogens in the polymerization mixture.
Mixture

Content of porogens, % wt.

, nm

1-decanol

cyclohexanol

Mix 1

0

60

28,5º ± 0,5º

Mix 2

10

50

20,1º ± 0,4º

Mix 3

12

48

17,8º ± 0,3º

Mix 4

15

45

17,5º ± 0,8º

Mix 5

20

40

16,0º ± 0,6º

Mix 6

30

30

11,5º ± 0,3º

3.10 Optimization of the photografting procedure
Our liquid patterning technique is based on filling the hydrophilic HEMA-EDMA
area with aqueous solutions, which spread and follow the contour of the hydrophobic
PFPMA-coated region. Therefore, the high water repellency of the hydrophobic area
ensures the stability of microdroplets inside the hydrophilic areas, being vital for the
durability of the liquid patterns during experiments. Since the UV-initiated photografting is
a radical process, an increase in the UV-irradiation time should lead to an elevation in the
density of PFPMA polymer brushes in the HEMA-EDMA film.
In order to find the optimal duration of the photografting step, we tested different
times of UV-irradiation in the range of 1 min to 30 min. During the experiments the
intensity and wave length of UV-light were kept constant and equal to 9 mW/cm2 and 260
nm, respectively. The HEMA-EDMA film was impregnated with the photografting
mixture, followed by covering with 50 µm thick Teflon film. The plate was irradiated with
UV-light. After the photografting procedure, the samples were extensively washed with
ethanol, dried under compressed air flow and stored at room temperature.
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Fig. 3.20. Photographs of water droplets and corresponding values of static WCAs of
HEMA-EDMA polymer substrate after photografting with PFPMA for different time
intervals.
The results of the WCA measurements are shown in Fig. 3.20. The static WCA
increased gradually from 26.7° to 81.2°, upon increasing the photografting time from 1 to
15 min. However, a further increase of photografting time led to a decrease of static WCAs
to 71.6° and 59.4° after 20 and 30 min of UV-irradiation, respectively. One of the possible
explanations for the observed decrease in the hydrophobicity after longer irradiation times
is the oxidation of polymer triggered by UV-light. The oxidation should lead to the
accumulation of carboxylic groups on the substrate, being the reason for the reduction of
WCAs. On the other hand, UV-treatment can also lead to the degradation
(depolymerization) of the PFPMA brushes, resulting in the loss of water-repellent
properties.
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A

B

[CHO2-]

[C3H2F5O-]

[CHO2-]

[C3H2F5O-]

Fig. 3.21. Mass spectra CHO2- (A) and C3H2F5O- (B) peaks (left) and corresponding
graphs of peak areas (right). Surfaces were impregnated with the photografting mixture
and irradiated with UV light. Untreated HEMA-EDMA substrate was used as a control.
In order to test whether the substrate accumulates carboxylic groups or loses
2,2,3,3,3-pentafluoropropyl residues during the UV-irradiation, the samples photografted
for 5, 15 and 30 min were analyzed by ToF-SIMS (Fig. 3.17). A non-treated HEMAEDMA polymer film was used as a control sample. All samples were measured
sequentially in one loading chamber and under the same settings: Bi1+ 25 keV primary ion
source, high mass resolution bunched mode, 20 runs of measurement for signal
accumulation and 500×500 µm area of measurement. The collected mass spectra indeed
showed an increase in CHO2- peak intensity and peak area with an increase in the
photografting time (Fig. 3.21 A). To assess the relative oxidation rate, we calculated the
ratio of the peak area of the photografted samples to the peak area of the control sample.
The obtained ratios were equal to 1,9, 5,3 and 8,1 corresponding to 5, 15 and 30 min of
UV-treatment, respectively. This result confirms the accumulation of carboxylic groups on
the surface of the samples that leads to the observed increase of hydrophilicity, and to the
drop of WCA values. On the other hand, the intensity of the C3H2F5O- peak, corresponding
to the 2,2,3,3,3-pentafluoropropyl ion species, displayed an increase after 5 to 15 min
photografting followed by a drop after 15 to 30 min photografting (Fig. 3.21 B). The ratio
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of C3H2F5O- peak areas of the samples after 15 and 5 min of UV-treatment is equal to 3,5.
However, the ratio of C3H2F5O- peak areas of the samples after 30 and 15 min of UVtreatment is equal to 0,8. These results indicate the reduction of the density of PFPFMAresidues on the surface after 30 min of UV-irradiation that also contributes to the drop of
its hydrophobic properties.
[CHO2-]

[CHO2-]

Fig. 3.22. Mass spectra CHO2- peaks and corresponding graph of peak areas of the samples
that were impregnated with H2O-tBu (1v:1v) mixture. HEMA-EDMA substrate was used as
a control.
In addition, to show whether the photografting agent, initiator and cross-linker
affect the oxidation process, we substituted the photografting mixture with a H2O-tBu
mixture (1v:1v). The UV-treatment and mass spectrometry were performed under the same
conditions as described above. A HEMA-EDMA polymer substrate not treated with UV
was used as a control sample. As previously, the mass spectra of the samples after UVtreatment showed an increase of CHO2- peak intensity and of the peak area. (Fig. 3.22).
The ratios of peak areas of the UV-treated samples after 5, 15 and 30 min to the peak area
of the control sample were equal to 2,7, 7,6 and 12,7 respectively. In the case of the
impregnation of HEMA-EDMA film with the H2O-tBu mixture the oxidation process was
1,4-1,5 times stronger as compared with the photografting mixture. We assumed that the
increased oxidation rate is associated with the partial increase of solvents volume, i.e. the
amount of dissolved oxygen.

3.10 Conclusions
We developed a facile method for rapid generation of liquid patterns with variable
2D geometry. The method is based on the fabrication of hydrophobic micropatterns on a
highly hydrophilic surface by photoinitiated surface grafting. The liquid patterns are
generated by simple pipetting onto the hydrophilic domains. Due to the extreme difference
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in wettability between the highly hydrophilic and hydrophobic regions, the aqueous
droplets are immobilized inside the hydrophilic area by surface tension forces. This
technique does not required special skills or equipment and is accessible to virtually
anyone.
This study also demonstrates the dual influence of the porous structure of HEMAEDMA monoliths on the transparency and wetting properties of the polymer layers.
Although increasing the size of structural monolith features reduces polymer transparency,
meanwhile, the adhesion of water is strengthened. It was shown that a longer time of
photografting first leads to an increase in hydrophobicity followed by its diminishment,
which is associated with the decomposition and oxidation processes.
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Chapter 4
Micropatterned structures for the simultaneous
culture of Multiple Cell Types and the Study of
Cell-Cell Communication
4.1 Summary
The control over spatial arrangement and geometry of different cell types while
keeping them separated and in close proximity for a long time is crucial to mimic and
study variety of biological processes in vitro. Although the existing cell patterning
technologies allow co-culturing of different cell types, they are usually limited to relatively
simple geometry. The methods used for obtaining complex geometries are usually
applicable for patterning only one or two cell types. Here a convenient method for creating
patterns of multiple (up to twenty) different cell types on a one substrate is introduced. The
method virtually allows any complexity of cell pattern geometry. Cell positioning on the
substrate is realized by a parallel formation of multiple cell-containing microreservoirs
confined to the geometry of highly-hydrophilic regions surrounded by superhydrophobic
borders built-in a fine nanoporous polymer film. As a case study, I in a cooperation with
PhD-student Eliana Stangaello and Dr. Steffen Scholpp (ITG, KIT), we showed the crosstalk between two cell populations via Wnt signaling molecules propagation during coculture in a mutual culture medium.

4.2 Introduction
The ability to culture multiple cell types in separated but adjacent compartments
with predefined complex geometries and allowing the communication of these cell lines
across the boundary is important to mimic and study variety of biological processes
ranging from intercellular communication, cell signaling to tissue engineering and whole
organism development [46, 207-209]. Although significant efforts have been made to
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develop methods for cell patterning [46, 207], most of the existing techniques are still
rather complicated and restricted in the geometry of the possible patterns. In addition, the
number and type of cell lines that can be patterned are limited. Thus, the methods based on
creating patterns of either cell repellent or cell adhesive regions [158, 210-213] usually
allow patterning of either one or two cell types [158, 210-219]. Methods relying on the
physical confinement of cells to certain regions using microfluidic devices [220, 221],
micromechanical devices [222, 223] or using microwells [224, 225] make culturing of
separated cell groups on the same substrate possible, however, are usually limited to
simple geometries or laborious in usage.
Tissue development and cell differentiation during the early stages of the
embryonic development are good examples of important biological processes that involve
and depend on the organization of multiple cell types into complex micropatterns in vivo.
Proper development requires further communication between these pre-patterned cell
populations. In parallel, cells have to acquire positional information related to their
location with respect to tissue boundaries. Indeed, the position of compartment boundaries
coincides often with organizing cell groups. These organizers orchestrate patterning of cell
populations across the border by the controlled release of signaling molecules. A wellcharacterized example for this process is the development of the thalamus orchestrated by
the mid-diencephalic organizer [226]. Wnts proteins are one of the major signaling classes
emitted from these organizing boundary zones [227, 228]. Interestingly, the spreading
mechanism of the highly lipophilic Wnt molecules remains under debate. The suggested
propagation mechanisms can be grouped into two categories: Wnt molecules are
transported intercellularly which requires direct cell-cell contact or Wnt molecules are
detached from cells and propagated independently in the extracellular space of a tissue
[229]. The technical limitations of the existing methods, however, make it difficult or
impossible to mimic such processes in vitro. To our knowledge, there are no methods
allowing for a long term cultivation of more than three different cell types in separated but
adjacent compartments with precise geometries without intermingling and simultaneously
allowing the communication of these cell pools across the boundary. We used the
developed method to visualize spreading of signaling molecules (Wnt) from one
compartment and detect the response by activation of a reporter system in the cells prepatterned in the adjacent compartment.
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The produced patterns can be used to confine cell-containing solutions to the highly
hydrophilic regions thereby creating multiple culture reservoirs with predefined geometries
on the same substrate (Fig. 4.1). These reservoirs can be further then employed for a
simultaneous cultivation of different cell types.
At first different cell suspensions are pipetted into separated hydrophilic
compartments. Cells cultured inside separated reservoirs adhere to the hydrophilic polymer
surface, forming a pattern of cell monolayers with geometries defined by the photomask
(Fig. 4.1 A). Afterwards, the substrate is washed out of non-adherent cells and placed into
conjoint culture medium for further co-cultivation of the cells pre-patterned in predefined
geometrical regions without cell intermingling (vide infra). The distance between the
microreservoirs, controlled by the width of the superhydrophobic barrier, can be as low as
50 µm, i.e. comparable to the size of a single cell. Several examples of multiple cell types
co-culturing is shown on Fig. 4.1 B. The developed methods cell patterning allows coculturing up to tens of different cell lines in a close proximity. Creation of such kind of
multi-cell type networks can lead to the formation of complex cellular chains for
investigation of very complex biological processes, involving multiple cell-cell
communications.

Fig. 4.1. (A) Schematics of cell patterning procedure. (i) Different cell suspensions are
added into the highly hydrophilic areas, forming droplets with suspended cells. (ii) After
seeding cells are settled down and adhere to the substrate. (iii) Adhered cells are placed in
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conjoint medium. Cells compartments are connected and superhydrophobic borders serve
as lineage restriction borders. (B) Combined bright-field and fluorescence micrographs of
different cell lines patterned (red fluorescent MLTy-mCherry, green fluorescent HeLa-GFP
and non-fluorescent HEK 293 cell lines) in various geometries. The superhydrophobic
border is 100 µm. Cells were co-cultured during 24 h.
The main limitation of the method is the maximum volume of cell-containing
reservoirs, which is limited by possible overlapping of neighboring droplets. In this work
the optimal ratio of cell suspension volume to pattern area was 50 µl/cm2. This ratio
enabled uncomplicated handling of patterned substrates and assured the stability of cell
suspensions in micro-reservoirs during manipulations.

Fig. 4.2. Cell viability on HEMA-EDMA polymer. (A) Confocal fluorescence micrographs
of Hoechst-stained cells cultured on highly hydrophilic HEMA-EDMA polymer film.
Images were obtained after 72h culturing. (B) Number of HEK 293 cells on the highly
hydrophilic HEMA-EDMA polymer film cultured for 24, 48 and 72 h.
Cell viability is an important criterion for successful implementation of polymeric
surfaces in biological applications. Poly(2-hydroxyethyl methacrylate) [160, 230] and its
derivatives [230-232] are well-known biocompatible materials. We tested of the produced
nano-porous HEMA-EDMA polymer film for its biocompatibility by culturing several
conventional cell lines on the polymeric substrate (Fig. 4.2 A). All tested cell lines showed
good spreading and adhesion to the substrate during 3 days of cultivation. Additionally, we
tested proliferation of HEK 293 cells on HEMA-EDMA substrate (Fig. 4.2 B). The number
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of adherent cells was gradually increasing during 72 h of culturing, thereby confirming
good compatibility of the substrate for the cell culture.

4.4 Cross-contamination of cell patterns during co-culturing
Development of an organism requires the emergence of organized tissues from an
initially very simple group of cells. During development, mechanisms must exist to keep
individual tissues separated and to ensure proper differentiation and growth [233]. One of
the mechanisms is the formation and maintenance of cell lineage boundaries to
compartmentalize tissues. These compartment boundaries are needed to prevent the
intermingling of cells that are fated to contribute to different parts of the embryo [234].

A

B

Fig. 4.3. Trajectories of HeLa-EGFP cells on (A) HEMA-EDMA and (B) polystyrene
surfaces for 24 h.
Table 4.1. Parameters of HeLa-EDFP cell motility on HEMA-EDMA and polystyrene
substrates.
Trajectory length,
µm

Displacement,
µm

Speed,
µm/h

Translocation,
µm/h

HEMA-EDMA

222 ± 44

97 ± 30

9.3 ± 1.9

4.0 ± 1.3

Polystyrene

122 ± 35

50 ± 11

5.1 ± 1.6

2.1 ± 0.5

To estimate the cell motility, green fluorescent cervical cancer cells (HeLa-EGFP)
at concentration 5·103 cells/cm2 were seeded on HEMA-EDMA substrate and monitored
during 24 h by time-lapse microscopy. As a control, HeLa-EGFP cells at the same
concentration were monitored on polystyrene surface of a cell culture 12-well plate.
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Fig. 4.3 shows trajectories of cells during 24h of culturing on the substrates. The average
values of trajectory length, displacement from the initial position, cell speed and
translocation, which is defined as the ratio of displacement to time, were calculated (Table
4.1). These cell motility parameters obtained from HEMA-EDMA substrate exceed those
obtained from polystyrene in 1,8-1,9 times in that cells were more motile on HEMAEDMA substrate that can be associated by the change of surface roughness and wettability
properties of substrate.

Fig. 4.4. Cross-contamination of cell patterns during co-culturing. Fluorescence
microscope images and fluorescence intensity plots of MLTy-mCherry (red) and HeLaGFP (green) cells patterned inside adjacent rectangular highly hydrophilic areas (3×10
mm) separated by a 100 µm superhydrophobic border. Images were taken 24 h, 48 h and
72 h post connection. Scale bar is 2 mm.
To test if the effectiveness of the hydrophobic borders to prevent cell migration is
comparable to a biological compartment boundary, we quantified migration of MLTymCherry (red fluorescent) and HeLa-GFP (green fluorescent) cell lines across the thin
hydrophobic borders during the first three days of co-culturing. Cells at concentration
5·104 cells/cm2 in 15 µl culture medium were seeded into two adjacent 3×10 mm
rectangular HEMA-EDMA domains separated by 100 µm-thin PFPMA hydrophobic gap.
The cells were cultured during 18 h in individual droplets with following immersion in
conjoint culture medium and co-culture for additional 72 h. Generally, a drop placed into
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rectangular hydrophilic areas has half-cylindrical shape (Fig. 3.5 C), by this reason the
initial cell density has a gradual decreas from the center-line of the rectangular domain to
its edges. During co-culture, cells were placed into a conjoint medium and the spatial
restriction for cell migration did not exist anymore. However, cells were occupying the
area close to the boundary of a hydrophilic domain due to the high cell density and lack of
space in the middle region (Fig. 4.4).
Based on the obtained speed and translocation rate of cells motility, cells should
cross 100 µm-wide area within 11-25 h after placing in the conjoint medium. However,
Levkin and co-authors showed that the cell adhesion can be prevented or significantly
retarded on PFPMA hydrophobic domains in comparison with HEMA-EDMA hydrophilic
substrate [158, 196, 235], which could be associated with protein repellency or resistance
of hydrophobic domains [212, 236]. Fig. 4.4 shows fluorescent microscope images of cocultured cells and corresponding cross-contamination plots. The plots indicate fluorescent
intensity from cells vs. distance over the two compartments. The results showed that
approximately 0,6% of MLTy-mCherry and less than 0,1% of HeLa-GFP cells were able
to migrate across the border after 48h of culturing. Even after 72h of co-culturing the
cross-contamination rate for both cell lines was not exceeding 1,5%. These results confirm
the ability of the thin hydrophobic barriers to prevent cell migration and show that
developed liquid patterning procedure can be used to precisely position and cultivate
different cell groups in separated but adjacent compartments without intermingling. In the
performed cell cross-contamination experiments cell seeding density was chosen to obtain
70-80% cell confluence inside the pattern after overnight cultivation in separated droplets.
Despite the high initial cell density, the cell cross-contamination between the neighboring
reservoirs after 72 h was still less 1,5%. This value is not critical for many biological
applications. However, for experiments requiring four or more days, the initial cell density
should be reduced to avoid the cell overgrowth.

4.5 Mimicking Wnt-signaling system in vitro
By using the hydrophilic/hydrophobic micropatterns, in collaboration with PhDstudent Eliana Stanganello and Dr. Steffen Scholpp (ITG, KIT) it was possible to culture
Wnt-morphogen expressing zebrafish fibroblast Pac2 cells adjacent to but without direct
cell contact with cells expressing a TOPFLASH-based Wnt reporter system (Fig. 4.5 A).
To visualize the Wnt protein propagation we used a fluorescently-tagged and bioactive
Wnt ligand Wnt8-GFP [237]. To observe the effective signaling of Wnt8-GFP and Wnt65
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triggered expression of a transcriptional factor Tcf we transfected cells in the adjacent
compartment with a TOPFLASH-mCherry based Wnt reporter system [238]. We found
that the fibroblast cell line showed a basic activation of the TOPFLASH reporter on the
micropatterned surface (Fig. 4.4 B).

Fig. 4.5. Simulation of paracrine signaling system in vitro. (A) Schematics showing the
setup of the intracellular experiment. One cells population (green) expresses the signaling
molecules Wnt8, which influence the transcriptome of cells in adjacent compartment after
connection (red). (B) Zebrafish Pac2 fibroblasts were transfected with TOPFLASH
reporter and show a basic activation after 24hpc (inset 1 shows high magnification picture).
If Wnt8-GFP positive cells are connected to the reporter compartment, we observe a
significant increase of reporter expression (inset 2) and simultaneously internalization of
Wnt8-GFP aggregates (inset 3, arrows). Graphs show significant increase of stimulated
cells and an increase in fluorescence signal after normalization to the cell number.
The reporter activity increased up to 66% compared to the non-connected
compartments after 24 hpc (Fig. 4.5 C, n=4). Besides, an accumulation of Wnt8-GFP, in
most likely endosomes, within the receiving cells was determined (Fig. 4.5 B, inset 3,
arrows). According to results the increase in reporter fluorescence was due to a
combination of an increase in the proliferation rate as well as an increase in the activation
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of the reporter gene. From these results we suggest that Wnt8 can propagate without cellcell contact.

4.6 Conclusions
A convenient method for creating complex patterns of multiple (up to tens)
different cell types on the same substrate was introduced. The approach is based on a
parallel formation of multiple cell-containing microreservoirs confined to the geometry of
highly hydrophilic regions surrounded by superhydrophobic borders created inside the thin
nanoporous polymer film by a surface grafting technique. Several advantages of the
described method, over the existing techniques for cell patterning, include its compatibility
with conventional culturing protocols, the patterning is a simultaneous process, i.e. it does
not require alternate surface coating and multiple cell seeding steps. The culturing is
performed inside a standard incubator for cell cultivation. In addition, cell-containing
reservoirs are easily accessible from the outside for performing any kind of cell treatment,
such as transfection, washing, or staining operations. These advantages make the
developed technique a valuable tool for creating complex cell patterns using conventional
means available in any cell biological laboratory. We believe that the developed method
will find numerous applications for cell patterning, tissue engineering, studying cell-cell
communication and signaling processes.
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Chapter 5
Digital Liquid Patterning: A Versatile Method for
Maskless Generation of Liquid Patterns and
Gradients
5.1 Summary
Methods for surface patterning are extremely important in a lot of different areas, ranging
from microelectronics industry, microfluidics to drug screenings and tissue engineering.
The majority of technologies for generation of surface patterns rely on using masks or
printing of substances on a surface. There are very few really maskless technologies for
creating surface patterns. Here we present the digital liquid patterning method – a novel
simple maskless method that allows for the on-demand fabrication of complex patterns of
aqueous solutions without the need for changing the substrate or using different
photomasks, stamps or stencils. Using this method, liquid and surface patterns with
different customized geometries can be created manually by simple pipetting using the
same pre-arrayed hydrophilic-hydrophobic substrates. We show applications of this maskless method to create patterns of particles, cells, hydrogels, and complex liquid gradients
compatible with cell studies. The technical aspects of the synthesis are accessible to
virtually any researcher and may help to simplify the production of variety of chemical,
hydrogel, microparticle or cell patterns as well as their gradients.

5.2 Introduction
Surface patterning is crucial in a variety of different research and industrial fields
such as the microelectronics industry, drug screening, biosensors, and cell biology [3, 207,
239-241]. There are two types of surface patterning methods: mask- and maskless
methods. The methods relying on masks, such as photomasks for lithography [241, 242],
silicone or metal masks for etching [195] and chemical vapor deposition [241, 242], plastic
stencils [210, 219], cutouts [176, 243, 244], or PDMS-stamps [3, 245], require a new mask
every time the pattern has to be changed. Maskless methods include printing [246-248],
dip-pen nanolithography [249-251], optoelectrowetting [252], laser patterning [253], twophoton lithography [254], dynamic stencils lithography [255], electron beam lithography
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[256-258], or projection lithography[259]. The maskless methods have clear advantages,
because surface patterns with different geometries can be prepared on-demand without the
need for new masks, thereby making experiments and optimizations faster, more
convenient, and more affordable. There are only few maskless methods that use complex
techniques such as pyroelectrodynamic shooting [260] for creating nano-pico volume
liquid patterns of defined geometries; or dispensing a polymeric aqueous two-phase
solution in the nanoliter volume regime [261]. Thus, the simple maskless technique for
liquid patterning would be very important for making on-demand patterns of live cells for
tissue engineering or studying cell-cell communication [196], patterns of nano or micro
particles [243, 244], or for creating concentration gradients in surface tension-confined
fluidic channels [176, 244].

5.3 Experimental Details
The idea of digital liquid patterning is similar to the working principal of a
computer screen or a digital scoreboard. A digital scoreboard contains an array of bulbs
(digits) that can be turned on in a particular pattern to generate the desired symbol. The
same scoreboard can show different symbols (Fig. 5.1A). Here we use the same principle
for generating different liquid patterns using an array of hydrophilic spots (digits) that can
be filled with aqueous solutions to form a desired liquid pattern (Fig. 5.1 B). There are two
ways to use such arrays. The hydrophilic spots can be filled individually to form various
digital patterns of separated liquids pads similar to that generated on a scoreboard (Fig. 5.1
A). The other way is generation of a continuous liquid pattern over several hydrophilic
spots (Fig. 5.1 B, C). In this case, neighboring pads are coalesced by a pipette tip over the
hydrophobic border to produce a continuous liquid pattern or channel of desired geometry.
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Fig. 5.1. Digital liquid patterning. (A) Working principal similarity: a light pattern
generated by bulbs on a digital scoreboard and a liquid pattern generated by droplets
on an array of hydrophilic spots. Each fluorescent liquid digit is 3×3 mm separated
by 500 µm hydrophobic barriers. (B) The liquid pattern is generated on an array of
hydrophilic spots by consecutive pipetting of droplets into the spots followed by
their coalescence to form a continuous liquid pattern. (C) Different water patterns
produced using the same template. Scale bar is 1 cm.
Our composite surface has been manufactured by a photolithographic technique
described in Section X, Page Y [196]. An array of hydrophilic 3 mm HEMA-EDMA
squares separated by 500 μm hydrophobic borders was prepared (Fig. 5.1 A, C). The
dimensions of hydrophilic squares and hydrophobic borders can be easily scaled down to
335 µm and 60 μm correspondingly [158, 196]. The static θst, advancing θadv, and receding
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θrec water contact angles (WCA) of the unmodified porous HEMA-EDMA are 17.4±0.5o,
24,1±0,2o, and 3,8±0,1o, respectively. The advancing WCA θadv on the PFPMA barriers is
128,3±2,1o. The change of advancing WCA was associated with the decreased of UV-light
intensity form 12 mW/cm2 to 8 mW/cm2. Due to the high difference in hydrophobic
properties, the highly hydrophobic barriers confine water to the geometry of the
hydrophilic regions. However, in order to create complex liquid patterns of arbitrary shape
on an array of hydrophilic spots, water solution should cover hydrophobic regions between
individual hydrophilic spots. Therefore, there is a limit for the hydrophobicity of the
barriers. If such barriers become superhydrophobic, a phenomenon of discontinuous
dewetting can lead to the spontaneous separation of water droplets covering
superhydrophobic regions into separated droplets, occupying individual hydrophilic spots
[235, 262-265]. In order to visualize this effect, an array of hydrophilic spots separated by
superhydrophobic barriers was prepared by roughening the polymer surface through the
application of an adhesive tape as described previously [158, 235]. The enhanced
roughness increases the advancing water contact angle of the barrier from 128° to 167°.
Fig. 5.2 A shows the effect of discontinuous dewetting, which impedes the application of
such arrays for digital liquid patterning (Fig. 5.2 B). Thus, the barriers should be
hydrophobic in order to prevent spreading of the aqueous solution, but not
superhydrophobic to ensure stability of the generated liquid patterns.

Fig. 5.2. A. Withdrawing of the water droplet from two coalesced 3×3 mm hydrophilic
spots separated by 500 µm superhydrophobic barrier (θadv = 167°). B. Withdrawing of the
water droplets from two coalesced 3×3 mm hydrophilic spots separated by 500 µm highly
hydrophobic barrier (θadv = 128°).
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Fig. 5.3. Dispensing of water to hydrophilic spot next to another one filled with 15 µl of
water. A. The hydrophilic spots are separated by a 100 µm hydrophobic barrier. The
coalescence happened at the 3.9 µl volume of the dispensing droplet. B. The hydrophilic
spots are separated by a 500 µm hydrophobic barrier. The coalescence happened at the
~12.1 µl volume of the dispensing droplet.
It is worth noting that the size of hydrophobic barriers has an influence on the
maximal volume of two adjacent droplets because of their possible coalescence
upon contact. We compared the maximal volume that could be dispended into a
hydrophilic spot separated by either 100 µm or 500 µm hydrophobic barrier next to
another spot filled with 15 µl of water. Thus, although only 3,9 µl could be
dispensed into the hydrophilic spot surrounded by a 100 µm barrier (Fig. 5.3 A), the
500 µm hydrophobic gap allowed for dispensing 12.1 µl of water without merging
(Fig. 5.3 B). The width of a hydrophobic gap however does not necessarily
influence the maximum volume that can be enclosed inside a single hydrophilic
spot. The maximum volume in this case is defined by the advancing water contact
angle of the hydrophobic gap. Thus, the apparent water contact angle (θapp) of a
droplet formed in a hydrophilic spot increases upon adding more water to this
droplet however does not cross the hydrophobic barrier until the θapp becomes equal
to θadv (Fig 5.4 A,B). Although the barrier width is different, the advancing WCAs
of 100 µm and 500 µm-wide barriers are virtually identical.
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Fig. 5.4. A. Dispensing of water to a hydrophilic spot surrounded by a 100 µm
hydrophobic barrier. Advancing WCA of the barrier: 130,9 o±1,0o. B. Dispensing of water
to a hydrophilic spot surrounded by a 500 µm hydrophobic barrier. Advancing WCA of the
barrier: 128,3 o±2,1o.
One of the limitations of the developed digital liquid patterning method is the
evaporation of the liquid from a generated liquid pattern. The following section contains
both practical and theoretical analysis of the rate of evaporation of liquid droplets formed
on hydrophilic patterns of certain geometry. The evaporation of a droplet in still air is slow
under the normal conditions in that it can be ascribed a quasi-equilibrium process defined
by Fick’s law:

(11)

where

is the net diffusive flux of the molecules of liquid away from the gas-liquid

interfaces [kg/sec],

is the diffusion coefficient of liquid in gas (air) [m2/sec],

surface area of the droplet [m2],

is the vapor concentration [kg/m3], and

is the

is the radial

distance [m] (Fig. 5.5). When a liquid is placed on a solid surface, the adjacent air becomes
saturated with the vapor due to the exchange of the molecules between the liquid and its
vapor [266]. We assume, that at the small distance apart of the droplet, the vapor of the
droplet at equilibrium concentration is the same as the saturated vapor ( ) [kg/m3] at the
same temperature. At the infinite distance from the liquid interface the vapor concentration
is equal to the ambient vapor concentration (

), which is determined by relative humidity.

Thus, the following boundary conditions exist [267]:
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(12)

∞
where

is the radius of the droplet (Fig. 5.5). Therefore, from equation (1), the droplet

volume change with time can be obtained by [268-270]:

4

where

is the liquid density [kg/m3],

is spherical radius [m] (Fig. 5.5).

(13)

is the droplet volume [m3],

is time [sec], and

is the contact angle function, which describes the

dependency of the evaporation rate on the contact angle.

Fig. 5.5. Schematics illustration of sessile droplet and its geometrical parameters.
The

- function is an important parameter to describe the temporal evolution of

the droplet volume. There are several models proposing an empirical correlation of the
droplet volume and evaporation rate. Rowan et. al. [266] assumed that the vapor molecules
escape from a curved surface only in the radial direction of the vapor concentration
gradient (

), and is equal to

/

. Therefore, the effective diffusion area can

be described by the solid arc of the radius r (Fig. 5.5), thus

2

1

.

Noteworthy, the Rowan model is correct when the evaporation occurs from a completely
unsupported and spherical cap-shaped droplet. By this reason, the vapor flux occurring at
the edge of spherical cap-shaped droplet was neglected, and the following

-function

was proposed [266]:

(14)
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Bourges-Monnier and Shanahan [271] also assumed that the evaporation of liquid
vapor is radial, but the effective diffusion of molecules into the environment occurs in the
entire area of the droplet, including the dashed arcs in Fig. 5.5. Correspondingly, the
effective diffusion area was described as

1

2

. Considering a

spherical cap-shape of surface area (defined by a coordinate system based on the center of
the droplet, through which the vapor diffuses) the obtained
self-consistent for the concentration gradient

-function, in this case, is

). Bourges-Monnier-Shanahan model

proposes the following contact angle function:

&

(15)

The Bourges-Monniner-Shanahan model includes the diffusive flux at the edges of
spherical cap-shaped droplet and the calculated evaporation rate becomes greater in
comparison with the model proposed by Rowan. However, the increase of the radial
distance leads to an increase of the subtending angle of spherical cap-shape (Fig. 5.5). This
implies that the molecules of vapor are redistributed in the circumferential direction, which
is in contradiction with the assumption of a pure radial concentration gradient [272]. In any
event, the Bourges-Monniner-Shanahan model leads to the maximal evaporation rate when
the droplet surface is a part of a spherical surface [271]. So, the major difference between
the Rowan and Bourges-Monniner-Shanahan models is the treatment of evaporation
behavior around the droplet edge. Although the edge effect may be small in comparison
with the bulk evaporation rate, ignoring the (Rowan model) or overestimating (BourgesMonniner-Shanahan models) such an effect leads to cumulative errors, which can be a
reason a severe discrepancy between the theory and the experiment [268-270, 272].
Picknett and Bexton [273] developed a theory to predict evaporation at any time of
droplet lifespan, as well based on the spherical cap geometry. However, the PicknettBexton model implies the conversion of the effective diffusion problem of determining the
evaporation rate to a problem of evaluating the capacitance of an isolated conductive body
of the same size and shape of the droplet described as an equiconvex lens [269, 270, 272,
273]. Their solution is given by the following equation:
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(16)

&

is the capacitance of the equiconvex lens, which can be described by polynomial

where

functions:
For 0 ≤

≤ 0,175 rad (0º ≤

0,6366

and for 0,175 ≤

≤ π rad (10º ≤

0,00008957

0,6333

≤ 10º),

0,09591

0,06144

(17)

≤ 180º),

0,116

0,08878

0,01033

(18)

The Picknett-Bexton model gives a more accurate description of the steady-state
diffusion equation (

0 in comparison with the Rowan and Bourges-Monniner-

Shanahan models [272]. However, all these models were derived from the assumption that
a substrate has an ideal flat and non-rough surface and have limitations in explaining the
differences in the evaporation rates of liquids on various substrates [268, 269, 272].
Generally, the evaporation of a droplet is influenced by the liquid (e.g. surface tension,
viscosity, and volatility), surrounding gas (e.g. relative humidity, temperature and
pressure), and substrate (e.g. surface charge, wettability, and roughness) [267, 268, 274,
275]. For instant, Song et. al. [272] tested the evaporation of a water droplet on ten
different surfaces and reported that the evaporation rate depended on the contact angle of
liquid. In addition, it was shown that the evaporation rates varied and depended on the
surface material, even for surfaces possessing the same contact angle. Birdi et. al. [267]
showed that the electrostatic interactions in the liquid-solid interface influence on the
contact angle and contact area between the liquid and substrate thereby affecting the
evaporation rate. Therefore, it was necessary to perform droplet evaporation experiments
in order to find the contact angle function for a HEMA-EDMA patterned substrate and
predict the rate and time of evaporation of aqueous solutions from a generated liquid
pattern.
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Fig. 5.6. Models of conformational changes of evaporating droplet: (A) constant contact
radius model; (B) constant contact angle model; (C) shrinkage model.
Once a liquid droplet starts to evaporate, its shape undergoes changes. The changes
of the droplet shape can be described using three distinct models [273]: constant contact
radius model (CCRM), constant contact angle model (CCAM), and the shrinkage model
(SM). In the CCRM model the contact area radius remains the same during the evaporation
of the liquid, while the contact angle of the evaporating droplet decreases (Fig. 5.6 A). In
the CCAM model, the contact area radius decreases, while the contact angle of the
evaporating droplet remains constant (Fig. 5.6 B). In the SM model, both the contact area
and contact angle of the evaporating droplet decrease simultaneously (Fig. 5.6 C). Fig. 5.7
shows the change in shape during the evaporation of water droplets placed in hydrophilic
patterns of different geometry. In these experiments, the ratio of initial droplet volume per
surface area was kept at 0,5 µl/mm2. CCRM was clearly observed. Therefore, the contact
area radius of a droplet during evaporation was constant, thus based on equations (11) and
(12) the evaporation rate and time can be predicted, if the contact angle function is known.
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Fig. 5.7. Shape of evaporating droplets placed on hydrophilic spots with different
geometries as a function of time. Spots geometries: (A) circular (3 mm diameter), (B)
square (3 mm side length), and (C) hexagonal (2 mm side length) hydrophilic spots. All
spots are surrounded by 100 µm hydrophobic borders. The ratio of water volume per
surface area is 0,5 µl/mm2. Scale bar is 1,5 mm.
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To obtain the contact angle function of the evaporating droplet from a circular
pattern (3 mm in diameter) the values of the

-function were calculated using equation

(19) derived from equation (13) based on the experimental data at distinct time step:

Ɵ

,

where ∆ is a time step [sec],

(18)

∆

are droplet volumes [m3], and the subscript i

and

refers to the value of the parameter at each time step. All experiments were performed at
23 ºC and 13-15% relative humidity. The concentration of vapor at the semi-sphere surface
[kg/m3], Cs, was calculated by assuming the ideal gas behavior of the water vapor
/

0,0204 kg/m3, and the ambient vapor concentration,

, is 0,0031 kg/m3. The

density of water, , is 1000 kg/m3. The diffusion coefficient of water molecules in air, D, is
2,47·10-5 m2/s [276]. I assume that a spherical cap-shaped droplet can be characterized by
the contact diameter, droplet height, contact angle, and spherical radius. Once two of these
parameters are known, the other parameters can be derived [268, 269, 272]. Thus, the
spherical radius (

,

and volume

of evaporating water droplet can be calculated

using the following equations:

,

,

(20)

Ɵ

1

cos Ɵ

2

cos Ɵ

(21)

where h is the height of the droplet [m] (Fig. 5.5). At the given ratio of droplet volume per
surface area (50 µl/cm2), the droplet volume initially placed in round-shape hydrophilic
pattern was 3,53 µl. The height,

, and contact angle of the evaporating droplet, Ɵ, were

obtained from the captured images. The time-dependent contact angle and volume of the
evaporating droplet from a circular pattern are shown in Fig. 5.8 A, B. The values of
contact angle (Ɵ ) and droplet volume (V ) in the graphs were normalized to the initial
values of contact angle (Ɵ ) and droplet volume (V ). The linear decrease of volume and
contact angle of the evaporation time implies to approximately linear dependence of the
-function on :
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∙θ
where

and

(22)

are empirical constants inherent to the substrate, which can be determined

in conjunction with the evaporation rate.

Fig. 5.8. (A) Time-dependent normalized contact angle. (B) Time-dependent normalized
droplet volume. (C) Dependence of contact angle function on contact angle of the
evaporating water droplet.
Using the measured droplet height and contact angle values, the dependence of the
contact angle function on the contact angle of the evaporating droplet was determined. Fig.
5.8 C shows the calculated value of

-function and compares the theoretical

predictions of the temporal changes of the contact angle function with the experimental
results. Based on the plotted results, a linear
0,074 ∙ θ

-function is proposed:
0,00125

(23)

Derived from equation (3), the time of evaporation rate can be calculated by the formula:

∆

Since the volume change (
droplet (

,

Ɵ

(24)

) is linearly proportional to the spherical radius of

) rather than to the surface area ( ), the rate and time of droplet evaporation for

the square (3 mm side length) and hexagonal (2 mm side length) spots were also estimated
by using the obtained contact angle function, equation (23). Fig. 5.8 B,C show the shape
changes of the water droplets, evaporating from the square and hexagonal spots. Utilizing
the equations (13), (20-23), and (24) the time and rate of droplet evaporation from circular,
square, and hexagonal spots were calculated (Table 5.1, 5.2). The discrepancy of the
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theoretically estimated time and rate of evaporation is described as deviations from the
experimental values (see also Table 2.1). The Rowan and Bourges-Monniner-Shanahan
models overestimate the values of the evaporation time by 70-100% and 12-40%,
respectively. Since the evaporation rate is inversely proportional to the evaporation time,
the values of the evaporation rate predicted by these two models were underestimated by
47-49% in case of the Rowan model, and 10-29% in case of the Bourges-MonninerShanahan model. The discrepancy of values obtained by using the Picknett-Baxton model
gave an underestimation of the evaporation time by 37-44% and overestimated the
evaporation rate by 40-70%.
As seen in Table 5.1, 5.2 and in Fig. 5.8 C, the best fit of the experimental
evaporation time and rate can be achieved when the contact angle function expressed by
equation (23) is applied. In this case, the discrepancy of the estimated values with the
experimentally obtained results did not exceed 9% for both the evaporation rate and time.
This small discrepancy with the experimental data can be ascribed to the variations of
ambient temperature and relative humidity of air. All previous correlations under-predicted
the experimental data, which implies that the previous droplet evaporation correlations
may have limitations in predicting the droplet volume change and evaporation rate and
time for water droplets sessile on a hydrophilic/hydrophobic pattern. The proposed contact
angle function, equation (23), correlates well with the experimental data within an error
only 4-9%. Thus, the suggested empirical model satisfactory describes the process of
evaporation of a water droplet form the micro-patterned substrate and can be applied for
estimating the evaporation rate and time of micro-droplets from hydrophilic spots of
different geometries.
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Table 5.1. Comparison of the experimental time of droplet evaporation with the results estimated by using theoretical approximations of the contact
angle function.
Efremov

Geometry

deviation, %

, sec

Bourges-Monniner-

Rowan

Shanahan

deviation, %

, sec

, sec

deviation, %

Picknett-Baxton
, sec

deviation, %

Circle

820

–6,3

1707

+95,1

976

+11,5

518

–40,8

Square

1045

+8,9

1811

+68,9

1342

+39,8

685

–44,2

Hexagon

1060

–4,1

2105

+98,6

1276

+20,4

671

–36,7
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Table 5.2. Comparison of the rate of droplet evaporation obtained experimentally with results estimated by using theoretical approximations of the
contact angle function.
Efremov
Geometry

,
103·mg/sec

Bourges-Monniner-

Rowan

deviation, %

,
103·mg/sec

Shanahan

deviation, %

,
103·mg/sec

deviation, %

Picknett-Baxton
,
103·mg/sec

deviation, %

Circle

4,31

+7,0

2,07

–48,6

3,62

–10,2

6,81

+69,0

Square

4,31

–8,8

2,48

–47,1

3,35

–28,6

6,57

+40,1

Hexagon

4,91

+4,5

2,47

–47,6

4,07

–13,6

7,75

+64,5
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5.4 Results and Discussion
The patterning of cells and particles has attracted attention in the past decade
[176, 207, 243, 244] and is often required for screening of drugs or biomolecules
[277] as well as for studying cell signaling processes [196] and tissue engineering
[209]. Such experiments require fabrication of multiple patterns with different
geometries in order to optimize and test different conditions. Printing techniques are
usually not compatible with the deposition of microparticles or cells. The method of
digital liquid patterning presented here offers a convenient way to position particles
or cells on a surface in defined and customized two-dimensional patterns without
any need to design a new photomask every time the geometry has to be changed.
Fig. 5.9 shows three examples of applications of the digital liquid patterning
technique using hydrophilic arrayed substrates with exactly the same geometry. The
first example presents the formation of a 2D pattern of 45-70 µm silica
microparticles by pipetting a suspension of the particles to form a desired pattern
(Fig. 5.9 A). In the same manner, patterns of green fluorescent HeLa-GFP cells were
generated (Fig. 5.9 B). After the cells had settled and adhered to the surface inside
individual reservoirs and channels, they were placed in the same medium for further
cultivation. The cell proliferation in the patterns was monitored for 4 days. The
geometry of the cell pattern did not change even after 4 days of culturing due to the
retardation of cell motility by the hydrophobic borders [196]. We suppose that the
main reason for the minor spreading of the cells beyond the initial pattern area was
the cell overgrowth inside the pattern after 4 days of culturing.
One challenge related to the use of complex liquid droplets for patterning
applications is the instability of such droplets, which might lead to mixing or
changing the initial distribution of patterned particles or cells caused by even slight
movements of the liquid patterns. In order to stabilize such patterns, solution can be
gelated after formation of a digital liquid pattern [243] to form a hydrogel pattern.
Fig. 5.9 C shows an application of the maskless digital liquid patterning technique
to create 2% agarose gel patterns dyed with a food color on the array of hydrophilic
spots.
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Fig. 5.9. Digital liquid patterning: examples of applications. (A) Optical microscope
images of silica microparticles. Scale bars are 5 mm (left) and 300 µm (right). (B)
Fluorescence microscope images of HeLa cells stably expressing GFP 24h after
patterning. Time lapse images of the enlarged region monitored during 96 h post
immersion in the same medium. Scale bars are 5 mm (top left) and 300 µm (bottom
and right). (C) Hydrogel patterns. Scale bars are 5 mm (left) and 2 mm (right).
Methods for creating gradients of chemical and biochemical properties are
important in materials science, biotechnology, and cell biology for rapidly screening
physicochemical phenomena, mimicking cellular and tissue microenvironments, or
simulating different physical stimuli and biochemical interactions [243, 244, 278,
279]. Here we show that exactly the same substrate can be used to generate single or
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multi-gradients of chemicals inside surface tension-confined channels of arbitrary
geometry using the digital liquid patterning method (Fig. 5.10).

Fig. 5.10. Generation of single and multiple concentration gradients inside surface
tension-confined liquid channels formed by the digital liquid patterning method. (A)
Fluorescence images showing the distribution of fluorescein concentration along the
open liquid channels as a function of the volumes (5, 15, or 30 µl) of 1 mM
fluorescein solution injected into the channels. Graph showing the concentration of
fluorescein in the channel along the white dashed line after equilibration of a 30 µl
fluorescein drop for 60 min (bottom). (B) Multi-gradients in open liquid channels of
different geometries prepared using the same array of hydrophilic spots.
All gradients were realized by using the same arrays of 3 mm hydrophilic
spots separated by 500 µm hydrophobic barriers. Chemical gradients were generated
by injecting 5, 15 or 30 µl of 1 mM fluorescein isothiocyanate (FITC) solution at the
end of an open liquid channel (3 mm width and 34.5 mm length) leading to the
formation of linear gradients of 10, 20 and 34.5 mm, respectively, after equilibration
for 60 min (Fig. 5.10 A). The quantification of the liquid gradients showed a gradual
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decrease in the concentration of fluorescein along the channel from 1 mM to 0,1
mM.
The molecular spreading of soluble matter in an open liquid fluidic channel
may occur by both advection and diffusion. Generally, in the axial direction the
matter transport occurs by advection due to the hydrodynamic stretching along the
channel axis, whereas in the perpendicular direction the transport is mainly due to
molecular diffusion [280]. From literature it is known [281-283] that the dispersion,
i.e. the combined process of advection and diffusion, within a channel with
parabolic-shape cross-section with a width

, height

and length

can be described in terms of three regimes: a short time regime or ballistic regime
/ , where

when

is molecular diffusion of soluble matter; an

intermediate time regime when

/

/ ; a long time regime or

/ . At the short time regime, molecular diffusion has

Taylor regime when

no influence in dispersion, because molecules flow with the streamline of
hydrodynamic current. The rate of gradient growth in this case is linear. At the
intermediate regime, both advection and diffusion have role in propagation of matter
along and aside of the channel. At the long time regime, molecular transfer occurs
solely by diffusion and molecules distribution is homogeneous the entire channel
cross-section. In this study, each liquid channel was composed of ten 3×3 mm
hydrophilic squares in length and one square in width. The adjacent hydrophilic
squares were divided by 0,5 mm hydrophobic border. Thus, the channel had 34,5
mm in width and 3 mm in width. The volume of the channel was kept constant, 30
µl in that the channel height is 0,74 mm. FITC diffusion coefficient was calculated
using Wilke-Chang equation:
7,4 10
where

is temperature,

molecular mass of solvent,

Ṽ

(25)

is association factor of solvent with solute,

is

is viscosity of solvent, and Ṽ is molar volume of

solute. Molar volume of solute is the volume of one mole of a substance at a given
pressure and temperature. For water as a solvent under normal conditions:
0,890·10-3 Pa·s,

= 2,6,

=

= 18 g/mol, T = 298 K. The molecular volume of

solute is equal to the molecular mass divided by mass density: Ṽ

= 252,5

cm3/mol. According to the equation (25)

/

sec and

/

= 6,4·10-3 cm2/s in that

= 14

= 31 min. Thus, the dispersion of FITC molecules occurred mainly by
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advection in the first seconds after a droplet entered the channel. Within the half an
hour, the impact of advection was minimalized, and molecular transport occurred
primary by diffusion (Fig. 5.10 A).
Our method allows for the rapid and facile formation of not only single linear
gradients but also gradients of multiple components with non-linear channel
geometries. Fig. 5.10 B shows multiple parallel gradients and gradients with nonstraight channel geometries formed simply by injecting different solutions into
opposite ends of the liquid channels of different geometries. In all examples, the
food dyes formed reproducible and stable gradients independent of the channel
geometry.

5.5 Conclusions
In conclusion, we presented the digital liquid patterning technique – a
convenient, facile, maskless patterning method for the generation of liquid patterns
of different geometries without using any additional masking or printing equipment.
This method will be especially useful for biologists who want to create complex
patterns of different or the same cell types, or chemical and cellular gradients
without the need for complex microfluidic equipment and photomasks. The
patterning is based on the manual formation of discrete or combined liquid droplets
of user-defined geometry using a hydrophobic substrate arrayed with hydrophilic
spots. The advantages of this method are that it does not require clean room or highprecision microfabrication and allows for a simple and manual formation of
complex patterns of liquids, cells, particles using the same substrate. The drawback
is that due to the manual formation the method is limited to relatively large
hydrophilic “digits” reducing the resolution of the produced patterns. Downscaling
of the spot size can result in a higher resolution of the produced patterns but is
compromised by the possible need for an automated liquid dispenser. The
downscaling of this method to create liquid patterns with higher resolution is
currently in the development in our lab. In spite of the fact that not all complex
geometry can be accessible because of the “digits” size, it does not affect the fidelity
of produced patterns that lies in the micrometer range and depends on the “quality”
of the hydrophilic-hydrophobic interface and the distance between hydrophilic
spots.
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We demonstrate that the digital liquid patterning method can be used to
create micropatterns of aqueous solutions, microparticles, or hydrogels. The
biocompatibility of the HEMA-EDMA porous polymer substrates used in this study
[158, 196] allows for the biological applications of the method and patterning of live
cells. The same substrates can be used to create patterns with different geometries.
In addition, we show that the technique also allows for the generation of complex
chemical gradients inside surface tension-confined liquid patterns. This method can
be used for generation of gradients of particles, hydrogels, or living cells with
different geometry without the need for using different photomasks.
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Chapter 6
Conclusion and outlook
In this work, a new method for patterning of aqueous solutions and suspensions on
porous polymer surfaces was described. The fabrication, characterization and
implementation of precise micropatterned polymer surfaces were performed. Although
variety of surface pattering technologies have been developed for specific applications,
there are only few of those that allow liquid pattering. Thus, there is still a clear need for
further development and elaboration of methods for generation of liquid surface patterns.
The presented method is based on the fabrication of hydrophobic domains around
hydrophilic areas on a porous polymer surface, making it possible to confine an aqueous
solution in the hydrophilic region of an arbitrary geometry.
Droplets of aqueous solutions or suspensions with pre-defined geometries could be
generated by dispensing an aqueous solution into hydrophilic HEMA-EDMA areas
surrounded by hydrophobic PFPMA borders. Droplet geometry was limited only by the
size of hydrophobic domains and the design of photomask.
It was also shown that up to twenty different cell types could be patterned and cocultured with only 1,5% of the cross-contamination rate during 96 h of cultivation. In a
collaboration with Eliana Stanganello and Dr. Steffen Scholpp (ITG, KIT), the developed
patterning approach was used to to investigate of cell-cell communication. In this
subproject, Wnt-morphogen propagation and following activation of Tcf-protein
expression between two patterned zebrafish fibroblast Pac2 populations in cell-contact
independent manner was for the first time demonstrated in an in-vitro system.
In addition, the further development of the method resulted in a new maskless
method termed digital liquid patterning. The method is based on manufacturing of an array
of hydrophilic HEMA-EDMA spots surrounded by hydrophobic PFPMA borders.
Dispensing of a liquid into the individual hydrophilic spots with subsequent coalescence of
89

Conclusion and outlook
adjacent droplets leads to the formation of open liquid channels with arbitrary geometry. It
was shown that width of hydrophobic borders and volume of individual droplets could
affect the coalescence process. The implementation of an array of superhydrophilic
HEMA-EDMA spots surrounded by superhydrophobic PFPMA borders could be a reason
of spontaneous dewetting at certain droplet volume and instability of formed liquid
channels that was not observed in case of the hydrophilic/hydrophobic micropatterned
surfaces. The developed digital liquid patterning approach was applied to create arbitrary
patterns of living cells, microparticles, hydrogels, and multicomponent chemical gradients
of complex geometry.
In conclusion, a facile and convenient method for patterning of aqueous solutions
and suspensions based on the porous polymers was successfully developed. This method
can be implemented in many different industrial and research fields. The micropatterned
surfaces can be used as an approach for revealing and testing cell-cell interactions in multi
cell type systems via propagation of soluble signaling molecules or vesicles. In addition,
the developed method can find applications to mimic and study different in vivo processes,
such as earlier embryogenesis, cancerogenesis and cell differentiation. The digital liquid
patterning offers simple and maskless approach for manual generation of micrometer
precise liquid patterns without the need for manufacturing a new photomaks or changing
substrate every time when geometry of liquid pattern has to be changed or modified.
Therefore, this approach can reduce experimental time for the production of arbitrary
liquid patterns of variety biomaterials and cells. Digital liquid pattering is also suitable for
the generation of multi-component gradients with complex geometry of different materials
compatible with biological studies. In addition, the method does not require special
training or sophisticated equipment for generation liquid patterns or gradients, thus the
technique is easy accessible to virtually any user. By reducing the size of hydrophilic spots
and hydrophobic borders on an array, it can be anticipated that much smaller and complex
patterns could be produced.
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