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Paper-based microfluidic sensors are becoming very popular in applications re-
quiring chemical analysis. This thesis deals with preliminary surface chemistry
studies which form the foundation for development of cellulosic microfluidic de-
vices. Nanocellulose was chosen as the substrate and alkylsilanes were used to
modify its wetting characteristics.

The growth kinetics of alkylsilane self-assembled monolayers (SAMs) prepared
on cellulose nanofibril (CNF) film was studied. The stability of the silane modi-
fication was tested in ambient environment, 50 and 100 % relative humidity, in
alkaline and acidic vapour, and under 254 nm and 366 nm wavelength ultraviolet
(UV) light irradiation. The SAMs were also exposed to UV light in conjunction
with its associated ozone (O3). Protein and polyelectrolyte adsorption onto native
and silane-modified CNF films was investigated. Water contact angle measure-
ments were used to characterize the wetting properties of the films, while atomic
force microscopy was used to probe their surface morphology. The chemical com-
position of the surfaces was analysed with X-ray photoelectron spectroscopy.

The silane-modifications proved largely stable in the above environments with the
exception of UV/O3 treatment. Hydrophilic-hydrophobic patterns were created on
silane-modified CNF film using masked exposure to UV/O3, which degrades the
alkyl chains of silanes at the mask opening. The patterned film wetting charac-
teristics turned out not to be applicable for fluid flow.
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1 Introduction

Environmentally sound exploitation of resources is an important ingredient in the
sustained human existence on earth, while also acting as an investment in the wel-
fare and preservation of a diverse gene pool. Such sentiment has set forth propo-
sitions to invest in green technology, as illustrated e.g. by the work of World Wide
Fund for Nature (wwf.panda.org, 2014). Green technology in Aalto University man-
ifests in its mission statement by demanding a holistic approach to sustainable de-
velopment in research, teaching, and management of its property (aalto.fi, 2014).
On a national level, this fits into Finland’s investment in green technology as laid
out in the recent decisions of the government to pursue a more environmentally
friendly line (valtioneuvosto.fi, 2013), exemplified by the ongoing programmes of
Tekes (Finnish Funding Agency for Technology and Innovation), which include ini-
tiatives in renewable energy and materials (tekes.fi, 2014).

Chemical analysis in developing countries, e.g. human and livestock diagnostics or
monitoring of environmental hazards and food safety, poses challenges not present
in urban settings due to the lack of resources and infrastructure (Yetisen et al.,
2013). As a part of the overall trend in miniaturization of technology, the field
of analytical chemistry has welcomed the use of microfluidic devices, which offer
portability, low reagent consumption, high sensitivity, and speedy analysis (White-
sides, 2006). Although microfluidic devices now show great variety in functionality,
commercially available products have been scarce (Blow, 2009). The introduction
of paper-based platforms could realize the expectations of microfluidics by produc-
ing concepts of great commercial value in disposable point-of-care applications e.g.
in resource-limited settings. The development of such analysis systems for biolog-
ical samples is also the aim of the Microfluidics project, through which this thesis
was funded. The general importance of plant-based materials have been long rec-
ognized for their merits. For instance, the most abundant biopolymer, i.e. cellulose,
is natively biodegradable and exhibits good biocompatibility in addition to having
a highly tunable surface chemistry (Klemm et al., 2005). Furthermore, the inher-
ent ability of cellulose to arrange into micro- and nanosized fibrils has continued to
play an important role in many of its modern applications where e.g. high specific
surface area is in demand. (Klemm et al., 2011) Consequently, the research interest
towards nanocelluloses has been steadily increasing (Milanez et al., 2013).

The objective of this thesis was to create hydrophilic channels on a hydrophobized
nanocellulose film and to test the stability of the hydrophobic modification in var-
ious environments. More specifically, cellulose nanofibril (CNF) film surface was
hydrophobized with an alkylsilane self-assembled monolayer (SAM). Four differ-
ent alkylsilanes with varying number of chlorine functionalities per molecule were
used to investigate whether an increase in the number of covalently bonding silanol
moieties per alkyl chain translates to a more stable SAM. The stability of SAMs
was tested in ambient environment, 50 % relative humidity (RH), 100 % RH, hy-
drochloric acid (HCI1) vapour, and ammonia (NH3) vapour. The films were also ir-



radiated with ultraviolet (UV) light. Additionally, the combined effect of UV light
and ozone (O3) was studied. Lastly, the adsorption of bovine serum albumin (BSA)
and polyethylenimine (PEI) onto native and silane-modified CNF films was inves-
tigated. The chemical composition of the films was analysed with X-ray photoelec-
tron spectroscopy (XPS), while atomic force microscopy (AFM) was used to probe
changes in surface morphology. Water contact angle (WCA) measurements were
used to characterize the extent of wetting of the films.

This thesis is organized as follows. Section 2 covers the background on the over-
all field of paper-based microfluidics, nanocellulosic materials, and the nature of
the chemical modification of cellulose with silanes. Section 2 ends with a brief
theoretical treatment of wetting phenomena and factors affecting the adsorption
of proteins and polyelectrolytes. Section 3 contains descriptions of the materials
and experimental methods used. Results of the growth kinetics, stability tests, and
BSA/PEI adsorption studies are presented in Section 4. Section 5 ends this thesis
with concluding remarks.



2 Background

This section covers background on paper-based microfluidics and nanocellulosic ma-
terials in general. Also, this section aims at giving a qualitative understanding
of the physico-chemical processes that affect the growth of silane SAMs and their
degradation in various environments. The key theoretical aspects of wetting phe-
nomenon on solid and porous surfaces are then briefly introduced, ending with an
analysis of protein and polyelectrolyte adsorption.

2.1 Paper-Based Microfluidics

In the field of microfluidics, studies are aimed at understanding the flow and con-
trol of small amounts of fluids. Extensively studied polymers, such as polydimethyl-
siloxane, were widely utilized in the early years of microfluidics research, at which
time interest was spurred partly by developments in soft-lithographic methods.
(Whitesides, 2006) Paper has become an attractive alternative to the more tradi-
tional materials in the past decade. Typical uses for diagnostics on paper that have
already seen commercial use include, e.g., pregnancy and drug tests taken from
urine or saliva (Klasner et al., 2010). A forte of paper-based platforms, in addition
to low cost, is that even unaltered they can induce a flow of analytes without any ad
hoc equipment, which makes them especially appealing as disposable point-of-care
diagnostic tools (Yetisen et al., 2013). The flow is driven by capillary action gener-
ated by the intricate porous network of interfibrillar space. The overall principle of
capillary driven flow can be implemented in other substrates as well by fabricating
multiple thin channels at the end of the device to drive analyte into the detection
zones (Juncker et al., 2002).

The modification of fibrous surfaces needs to address the issue of porosity to con-
trol fluid flow by clogging the pores physically or by creating hydrophobic barri-
ers through chemical modification (Li et al., 2012). Existing methods to engineer
the wetting of paper surfaces are manifold. For instance, photoresist application
followed by curing via UV light irradiation, similar to photolithography used in
semiconductor industry, has been used to this end (Martinez et al., 2008b). Some
approaches use printers to introduce the reactants. In inkjet printing, minute hy-
drophobization agent droplets can be deposited with great precision (Li et al., 2010).
Wax printing offers an alternative to inkjetting, as depositing wax can be accom-
plished with commercially available printers. The modification is finalized by a
heat treatment which melts the wax and allows it to permeate deeper into the pa-
per. (Carrilho et al., 2009) Alternatively, the paper itself can be cut into a channel
shape (Fenton et al., 2009).

As the focus of paper-based analytical devices will be in the resource-poor settings,
devices have to be designed to require minimal user intervention and the need for
specialized skills. Essential components for reagent handling in channels, e.g. mix-
ing, focusing, and dilution, can be implemented in lateral flow strips (Osborn et al.,



2010). Further increasing the functionality of lateral flow assays can be achieved
through clever programming of reagent flow in two dimensions (Fu et al., 2010;
Apilux et al., 2013) or by employing channel structure in multilayered platforms
(see Figure 1b) (Martinez et al., 2008a). A novel approach to multistep reactions on
paper is the so-called digital microfluidics, where fluid is manipulated as individual
droplets by an array of electrodes, affording a different kind of control for reactions
(see Figure 1c) (Fobel et al., 2014).

Perhaps reflecting the user base of point-of-care diagnostics, the formats used to
produce a readable output at the detection zone have been slow to adopt quan-
titative analysis (Blow, 2009). Although this has not been a problem when only
binary information is required, e.g., in pregnancy tests, expanding the precision
of detection methods would greatly benefit this field. Currently, methods utiliz-
ing colourimetric (see Figure 1a), electrochemical, electrochemiluminescence, fluo-
rescence, chemiluminescence, and nanoparticle-based schemes have been demon-
strated on paper (Yetisen et al., 2013). The above examples illustrate the great
potential in paper-based microfluidic systems, but development of existing tech-
nologies and research into alternative solutions are needed to produce applications
where simplicity of user-experience and quality of analysis are among the priori-
ties.

(a)

t=0ms
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Figure 1: (a) Colourimetric detection of HoOg on filter paper; increasing concen-
tration from left to right (Ornatska et al., 2011). (b) Controlled fluid flow in three
dimensions on a multilayered paper platform (Martinez et al., 2008a). (c) Manipu-
lation of a droplet using an array of electrodes printed on paper (Fobel et al., 2014).



2.2 Cellulose and Nanocellulosic Materials

Cellulose and its derivatives are materials of great practical utility. They are used
in, e.g., food additives (Commission Regulation, 2011, p.13), building materials,
clothing, and paper products. Major sources of cellulose have long been wood and
cotton with cellulose content around 40-50 % and 90 %, respectively (Hon and
Shiraishi, 2000, p.98). The remainder of wood or cotton biomass consists mainly
of lignin and hemicellulose, together with small amounts of extractives such as
fatty acids and terpenes. Traditionally, cellulose fibres have been separated from
their lignocellulosic matrix by mechanical, chemical, and thermal means (Smook,
1992, Ch. 4). The fibres can then be converted into their macro- and microfibril con-
stituents, which are ultimately composed of cellulose molecules (cf. Figure 2). It has
been proposed that the thinnest fibrils or elementary fibril of plant biomass consist
of 36 cellulose chains (Ding and Himmel, 2006). Along a single fibril, their relative
orientation varies from highly ordered, i.e. crystalline, regions to a more amorphous
conformations. This hierarchical structure applies to fibres extracted from plants
(Plackett, 2011) and also to fibres of bacterial origin (Mohite and Patil, 2014).

Cellulose fibres

Macrofibril

»%‘ Microfibril

(> "
TQLIQ
OC.O0

Cellﬁlose molecules

Figure 2: Hierarchical structure of a cellulose fibre. (Plackett, 2011, p. 153)

At the molecular level, cellulose consists of a linear chain of D-glucopyranose units
bonded together by glycosidic S bonds at C! and C* of neighbouring glucose units
(cf. Figure 3). The ends of a cellulose molecule are chemically different, as the end
with C1-OH, i.e. the reducing end, is found in equilibrium with its aldehyde, while
the end containing C*~OH, i.e. the non-reducing end, is not. Much of the chemical
modification of cellulose takes advantage of its hydroxyl groups, which can undergo
wide range of reactions typical for alcohols. (Klemm et al., 2005)

Another frontier of cellulose utilization takes advantage of aggregates of cellulose
chains, i.e. nanofibrils or microfibrils, which are held together by hydrogen bonds
and van der Waals forces between adjacent cellulose molecules. Materials composed
of these nanosized fibrils are collectively addressed as nanocelluloses, which have
by definition one of their fibril dimensions in the nanometer range. Nanocelluloses
can be divided into three subcategories: bacterial nanocellulose (BNC), cellulose



nanocrystals (CNC), and CNF (Klemm et al., 2011). BNC is a product of biosynthe-
sis of low-molecular weight sugars in certain bacteria. The nanofibrils form a fine
network of highly crystalline nanofibrils with a high degree of polymerization. In
CNC, most of the amorphous regions of nanofibrils have been dissolved with acid hy-
drolysis, which leaves relatively short and strong crystalline regions intact. Their
physical dimensions are greatly influenced by the natural fibres from which they
are isolated. In CNF, the fibrils are thicker and longer than those of CNC, and con-
tain both amorphous and crystalline regions which together form high aspect-ratio
nanofibrils. CNFs can be manufactured, e.g., through a high-pressure homogeniza-
tion process coupled with enzymatic treatment, in which a cellulose suspension is
fed multiple times through chambers connected with a thin channel where fibril
bundles disintegrate due to shear forces (Paiakko et al., 2007). Nanofibrils can be
further processed into self-standing films by pressure filtering a nanocellulose sus-
pension through a mesh fabric followed by wet and hot pressing (Osterberg et al.,
2013b). Cellulose can also be spin coated onto silicon wafers by using its trimethylsi-
lyl derivative, which allows the use of non-polar solvents such as toluene or chloro-
form. The resulting thin film is then hydrolysed back to cellulose with acid vapour
(cf. Figure 5). (Kontturi et al., 2005)

OH OH

OH ., G OH

HO O | HO 0 O HO =0
HO L O 0 HO \ T o OH
OH ‘ OH
OH OH
in
Non-reducing Cellobiose Reducing
end end

Figure 3: Structural formula for cellulose.

2.3 Silane SAMs

Nature exhibits a wide variety of phenomena akin to self-assembly. In general,
these can be divided into processes where energy is not dissipated, e.g. crystal
growth, and energy-dissipating processes, such as the life of a biological cell (White-
sides and Grzybowski, 2002). Self-assembly conveys a meaning that a more ordered
state is achieved from a less ordered initial condition. One way to come about spon-
taneous assembly is to have asymmetric precursors, which are only partly inclined
to interact strongly with each other. In silane SAMs, this is achieved through co-
valent head group-substrate interaction as explained shortly. The first studies to-
wards understanding SAMs were done in 1946 when organic molecules were shown
to form monolayers on solid surface with oleophobic and hydrophobic characteris-
tics (Bigelow et al., 1946). It was also in the first half of the 20th century when the
Langmuir-Blodgett method of monolayer film deposition was invented (Langmuir,



1920). Here the self-assembly takes place at the air-water interface, from where
the film is transferred onto a substrate. Another popular monolayer format has
long been thiols on gold surface (Ulman, 1996). More recently, self-assembly has
become one of the defining paradigms of the bottom-up fabrication methodology in
nanoscience (Zhang, 2003).

The structure of molecules constituting a SAM can be typically divided into three
parts: an aliphatic or fluorinated tail, the head group, and the functional end group.
The head group binds the molecule to the substrate via chemisorption, while the tail
forms a network of van der Waals bonds with neighbouring monolayer molecules.
Alkylsilanes fit into a generic chemical formula, R,,—Si—X4_,, where R is a methyl-
terminated hydrocarbon, while X is the leaving group (Arkles, 1977). Often, the
leaving group is an alkoxy or chlorine. The attachment of silane molecules onto a
cellulosic substrate is achieved via Si—O—C linkages between the silane head groups
and the hydroxyl groups of cellulose.

A reason for SAMs multitude of uses arises from the versatility of the functional end
group, which gives ways to engineer the surface energy and chemical functionality
of the substrate. The chemistry of siloxane bonding has been utilized successfully
for decades in sol-gel applications (Hench and West, 1990), and their use has subse-
quently matured and propagated to other disciplines. Illustrative examples where
SAMs have emerged include: stiction prevention aids in microelectromechanical
systems (Srinivasan et al., 1998), hydrophobic barriers in microfluidics (Nakashima
and Yasuda, 2007), and use in selective electrodes of inorganic sensors (Turyan and
Mandler, 1997). Additionally, due to their morphological and chemical uniformity,
they are also utilized in fundamental research of surface phenomena, e.g. protein
adsorption (Ostuni et al., 2001).

2.3.1 Growth Mechanism and Kinetics

A reaction pathway of siloxane monolayer formation onto cellulose is presented in
Figure 4 (Arkles, 1977). In an ethanolic medium, the mechanism entails gener-
ally five reactions: (1) formation of ethoxysilane, (2) production of highly reactive
silanols, (3) oligomerization of silanols, (4) physisorption of oligomers through hy-
drogen bonding on the surface, and (5) Si—~O—C linkage formation with water con-
densation. Chlorosilanes can exhibit autocatalytic properties in ethanol as HCI is
released by the initial alcoholysis. It can also contribute to the amount of water
available for the subsequent hydrolysis, as HCI can react with ethanol forming wa-
ter and chloroethane. In anhydrous conditions, alkoxysilanes can bond directly at
the surface hydroxyls releasing alcohol (Arkles, 2006).

The amount of physisorbed water on the target surface and in the reaction medium
determines partly whether a monolayer or multilayer growth takes place (McGov-
ern et al., 1994). Oligomerization is also dependent on the number of leaving groups
present in the silane, e.g. monochlorosilanes are unable to form such species alto-
gether that could bond covalently onto the surface. The siloxane linkages between
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Figure 4: SAM growth mechanism from trichlorosilanes in ethanol. Trichlorosi-
lanes reacts with ethanol to form triethoxysilanes and hydrochloric acid. The
ethoxy groups are subsequently hydrolysed releasing ethanol. Oligomerization of
silanes at the silanol moieties with water condensation, followed by hydrogen bond-
ing onto the CNF film, and finally, water condensation as the Si—O—C linkage forms
between the SAM and the substrate.

silanes with more leaving groups cannot extend throughout the monolayer with full
coverage as siloxane bonding forces the hydrocarbon tails to tilt in opposite direc-
tions and thus sterically prevent further cross-linking (Stevens, 1999). Depending
on the amount of leaving groups, the silanes have many configurations in which
they can chemisorb onto the substrate, such as vertical polymerization (Fadeev and
McCarthy, 2000), and for this reason, monochlorosilanes are considered less dis-
ruptive in terms of surface morphology.

Compared to monolayers grown in liquid phase, vapour phase growth is gener-
ally favoured when high-quality monolayers are desired, as the polymerized silane
species are less likely to vaporize due to their lower vapour pressure (Sugimura
et al., 2002), while they can readily deposit in liquid medium with excessive water



content (Brandriss and Margel, 1993). A great body of work with silane monolayers
is done on silica surfaces, which bear a similar hydroxyl-terminated functionalities
as cellulose. Experiments show that the formation of silanols takes place at the
physisorbed water layer on the surface in vapour phase growth (Tripp and Hair,
1995).

The growth rate of SAMs is usually approximated with the Langmuir adsorption
kinetics (Schreiber, 2000). This model assumes negligible desorption and a growth
rate that is limited by the available surface reactive sites. In this framework, the
change in surface coverage (0) with respect to time (¢) can be stated as

doe
& =k(1-09), (1)

where £ is the rate constant. Integrating this expression gives
O =1-—exp(—kt). (2

The Langmuir kinetics thus predicts a large initial growth rate, which slows down
as the surface bears fewer reactive groups, though kinetic studies indicate a devia-
tion from the predicted coverage of Langmuir kinetics during the initial adsorption
(Richter et al., 2000). Whether silanes form large islands on the surface followed
by a slower filling of the remaining free surface, or follow a more uniform growth
mode is highly dependent on the medium in which the growth proceeds (Schreiber,
2000).

2.3.2 Degradation

Acidic and alkaline conditions have a catalytic effect on hydrolysis, which is com-
monly used in e.g. conversion of trimethylsilylcellulose to cellulose (see Figure 5)
(Buchholz et al., 1996). This also motivates the study on stability of SAMs in
vapours of HCl and NHj in addition to their long-term stability in humid atmo-
sphere, as the bonding is identical to trimethylsilyl groups, with the difference of
a larger hydrophobic alkyl chain. The kinetics of hydrolysis-driven degradation
originates likely from structural imperfections in the monolayer, allowing water
penetration into the SAM-cellulose interface, leading to hydrolysis of Si—O-C or
displacement of uncondensed silanols from the surface with water (Pellerite et al.,
2002).

OSi(CH3)3 OH
HCl(g) =«

O
(CH3)3Si0

OH

n n

Figure 5: Regeneration of trimethylsilylcellulose to cellulose with acid vapour.
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Photochemical methods can be used to remove alkyl chains of silane monolayers,
for example, deep UV light (193 nm) (Dulcey et al., 1991) and vacuum UV light
(172 nm) (Sugimura et al., 2000) has been used to cleave Si—C and C-C bonds in
vacuum. Sub-200 nm wavelength photons can initiate the formation of atomic oxy-
gen, hydroxyl radicals (HO®), and ozone in air according to:

Oy + hv(18mnm) — 20(D), (3)
Os + hv(254nm) — Oy + OCD), (4)
oDy + M — 0¢p), (5)
olD) + H,0O — 2HO', (6)
OP) + O + M — O3 + M, (7

where M is an inert molecule (DeMore et al., 1997). Ye et al. (2005) proposed a mech-
anism for alkyl chain degradation under UV light and ozone exposure, which starts
with hydrogen abstraction at the terminal carbon, producing peroxide radicals af-
ter oxidation. This can react further with UV light or HO®, forming alkoxy radicals,
which produce aldehydes after reacting with Oy. C-C cleavage occurs when the
aldehyde groups react with UV light or oxygen (cf. Figure 6). In addition to alde-
hydes, the surface bears other functional groups after UV/O3 exposure, such as
hydroxyls and carboxyls, which leave the film in an increasingly hydrophilic state
as the film degradation proceeds. Ye et al. (2005) further observed that ground state
atomic oxygen, O(®P), is the dominant oxidant for 184 nm and longer wavelengths.
The initial hydrogen abstraction and the final cleavage of C—C might be mediated
mainly by species with large mean free path, which hinders its use for patterning
purposes unless the direct photolysis route can be made prevailing.

R—CH,
(0]
HO® ] o,

R’ CHO* R—CH; ¥_> R—CH,0;
cO \{ &h HO® hv
v
HOO* X 0
R°—CHO ﬁ—i R—CHO ﬁi R—CH,0*

HO® 0) HOO* O,

Figure 6: Photodissociation mechanism of C—C at the alkyl chain of silane SAMs as
proposed by Ye et al. (2005).

The thermal stability of SAMs is less of a concern for silanes grown onto cellulosic
substrates as cellulose starts to degrade at similar temperature ranges as silanes,
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experiencing e.g. depolymerization, oxidation, and dehydration below 300 °C (Si-
moneit, 2002). Silane SAMs grown on silicon have been reported to be stable up to
around 150-200 °C in air (Srinivasan et al., 1998; Zhuang et al., 2006), while sus-
taining integrity up to 250—450 °C in N9 atmosphere and vacuum (Chandekar et al.,
2010; Kluth et al., 1997). Generally, the temperature region where irreversible
changes occur varies greatly according to the end group composition and packing
density of silanes (Chandekar et al., 2010).

2.4 Wetting and Wicking

The importance of surface tension is prominent when handling small volumes of
liquids due to a large liquid-vapour interface relative to the fluid volume. The
molecular basis of surface tension arises from the energetically higher potential
of molecules at the vapour-liquid interface relative to the bulk of the liquid where
water molecules are surrounded by other water molecules to which they can form
temporary hydrogen and van der Waals bonds, whereas molecules at the vapour-
liquid interface can do so only partially. This leads to an energy difference as more
energy is invested in the bonds on average in the bulk relative to the surface. An
outcome of surface tension is that if a liquid surface exhibits curvature, then there
must exist a pressure difference across it, as the liquid-vapour interface affects the
mechanical equilibrium of the liquid-vapour system. (Butt et al., 2003, Ch. 2) The
explicit relation between the pressure difference (Ap), the surface tension (y), and
the curvature is known as the Young-Laplace equation:

1 1
Ap:y(—+—

, 8
R (8)

where R and Ry are the principal radii of curvature of the liquid-vapour interface.
Equation 8 can be derived, e.g., from variational principles (Landau and Lifshitz,
1987, pp. 230-231) or by using the grand canonical scheme (Reichl, 2009, pp. 142—
143).

When a liquid droplet is placed on a solid surface, it attains a shape corresponding
to the minimum of the Gibbs free energy (G). Its contact angle (0) is related to the
three interfacial free energies (y) acting in the system (see Figure 7). The shape of
the droplet and its three-phase line do not necessarily correspond the global mini-
mum of G, leading to a range of possible contact angles (Marmur, 2006). The effect
of multiple metastable three-phase line configurations can be observed when water
is withdrawn and added to a droplet, producing the receding and advancing contact
angles, respectively. The difference of these two angles is called the contact angle
hysteresis. (Gao and McCarthy, 2006)

Two surface modifications can be made when engineering the wetting behaviour of
a solid surface, namely, changing the surface roughness or changing the palette of
surface chemical groups. The effects of these modifications can be approximated
with Young, Wenzel, and Cassie-Baxter models introduced next (see Figure 8). The
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Figure 7: Liquid-vapour (LV), solid-vapour (SV), and solid-liquid (SL) interfacial
free energies (y) and contact angle (0) of a droplet on a solid surface. (Butt et al.,
2003, p. 119)

minimization of Gibbs free energy can be used as the starting point when deriving
the aforementioned models (Whyman et al., 2008). For an ideally flat and chemi-
cally homogeneous surface, the relation between the different interfacial free ener-
gies and the contact angle is given by the Young’s equation:

Ysv —7YsL
Yiv ’

cosOy = 9)
where ysy, ¥s1, and yry are the solid-vapour, solid-liquid, and liquid-vapour inter-
facial free energies, respectively (Young, 1805). The effect of surface roughness can
be included by adding a roughness factor (), which denotes the fraction of the true
surface area to projected surface area. With this inclusion, the apparent contact
angle is given by the Wenzel equation (Wenzel, 1936):

r(Ysv—7st)
Yiv '

cosBy = 10)
According to Equation 10, an increase in surface roughness translates into an in-
crease in apparent contact angle when 6y > 90° and to a decrease for 6y < 90°. In
the Cassie-Baxter model (Cassie and Baxter, 1944), the heterogeneity of the surface
chemistry, of N variety, is included by adding in the fractions (®;) of their respective
surface coverage:

1 N
cosOcp = — Z q)i()’i,sv - Yi,SL), (11)

Yiv i=1
where Zﬁlcbi =1.

Although the surface chemistry in Cassie-Baxter model and the roughness in Wen-
zel model are heterogeneities introduced to an ideal surface, they are still accounted
for in a homogeneously distributed fashion. When considering more realistic sys-
tems, the above models are inadequate as they rely on the interfacial free energies
while ignoring the behaviour of the three-phase line (Gao and McCarthy, 2007).
For instance, two binary composite surfaces with identical roughness factors can
exhibit different contact angles depending on the conformation of the three-phase
line (see Figure 9) (Youngblood and McCarthy, 1999). Hence, more complex models
have been devised that give the above results as a special case. For example, the
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(a) (b) (©)

Figure 8: Illustration of the different wetting models with their apparent contact
angles: (a) Young, (b) Wenzel, and (c) Cassie-Baxter (N = 2). (Whyman et al., 2008)

contact angle of a droplet on a chemically heterogeneous rough surface with the
inclusion of line tension (A) at the three-phase line (01", parametrized with s) can be

stated as
$or ds V- A(s)A(s)

far ds ’

where O is the average contact angle around the drop, /; are the portions of the
total dI' of material i, and 7 is a unit normal vector to 0I' (Swain and Lipowsky,
1998). The values of A(s) and 0I' are determined experimentally. Equation 12 is
a more local model due to the line integral term, which vanishes when the line
tension is negligible.

(12)

08 Oy = Z Lityisv—7YisL)—
15

top view side view
A B C A B C

three-phase line § § § E; E S A B C
Pattern 1 Pattern 2

Figure 9: An example how the shape of a three-phase line can be tied to the mor-
phology of the substrate while keeping the roughness factor constant. In Pattern 1,
the three-phase line is pinned due to high energetic cost of transitions A—~B«—C.
This can be seen as a larger contact angle hysteresis compared to Pattern 2 which
allows multiple three-phase line configurations and a smoother transition between
A and C. (Youngblood and McCarthy, 1999)

Wetting of porous solids differs from the above treatment in that one has to con-
sider also the effect of wicking, i.e. intake of fluid into the porous network, which
originates from the capillary action generated by the pores. The volumetric flow
rate (@) in such a material is stated by the Darcy’s law:

KA

Q=—70p, (13)
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where x is the hydraulic conductivity of the substrate, A is the area of the pore
cross-section, u is the dynamic viscosity of the fluid, and L is the length of the chan-
nel (Bear, 1988, p. 120). The flow rate can be thus varied by changing the channel
length, and therefore, Equation 13 can be used to predict reagent movement in lat-
eral flow strips (Osborn et al., 2010). Modelling of wicking can be further improved
by taking into account pore size changes due to swelling of the fibrils, for example,
Masoodi and Pillai (2010) proposed a model in good agreement with experimental
results when the increase in volume of fibrils due to swelling is equal to the volu-
metric intake of the absorbate liquid.

2.5 Protein and Polyelectrolyte Adsorption

A comprehensive explanation of protein adsorption onto surfaces bearing different
chemical groups is still missing, but Chapman et al. (2000) observed that char-
acteristics of a surface that inhibits protein adsorption include: polar functional
groups, neutral surface charge, absence of hydrogen-bond donors, and presence of
hydrogen-bond acceptors. Multiple interactions ultimately define the adsorption
behaviour of a protein, but a general notion is that the adsorption should be ener-
getically favourable, i.e. leading to a smaller Gibbs free energy, or

AG=AH-TAS <0, (14)

where H is enthalpy, which includes changes in energy, T is the temperature, and
S is the entropy, which accounts changes in conformation, e.g. loss of degrees of
freedom (Déjardin, 2006, p. 119).

Certain considerations can be made from the amphipathic nature of proteins, which
affects their conformation in an aqueous environment as the hydrophilic compo-
nents are predisposed to align themselves towards water molecules while the hy-
drophobic components are buried within them. In hydrophobic interaction, the
buried hydrophobic components interact with a non-wetting surface, or with an-
other hydrophobe, via an energetically favoured change in conformation that ex-
poses the two components to each other and thus reducing the disruption of water
hydrogen bonding network (Chandler, 2005). The extent to which a protein can
change its conformation is limited by the strength of its intramolecular interactions
and bonds. Additionally, adsorption can be affected by the ease at which the sur-
face dehydrates upon interacting with the adsorbate, which in hydrophilic surfaces
could act against adsorption (Norde and Zoungrana, 1998). Similarly inhibiting as-
pects may arise from ionic species of the solvent that can compete with adsorption
of proteins (Wei et al., 2009).

The pH of the solution can affect the adsorption properties of proteins by changing
the nature of the electrostatic interaction between its segments, other proteins, and
surfaces as the amino acid constituents of a protein can bear a charge in aqueous
solutions due to different ionization states. At a certain pH, the amino acids of
a protein will not carry a net charge due to equal number of anionic and cationic
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groups. This is termed the isoelectric point (pI). Below pl the protein has a positive
charge and negative above it, and in this manner, the electrostatic interactions can
change at different pH. (Stryer, 1995, pp. 18-19, 48)

Polyelectrolyte adsorption onto solid surfaces is affected e.g. by surface charge, poly-
electrolyte charge, salt concentration, and solubility of the polymer in the solvent.
Additionally, the size of the polyelectrolyte can affect the adsorption onto porous
surfaces such as cellulose fibres, as small polymers can diffuse more easily into the
pores after the initial adsorption (Wagberg, 2000). The salt concentration of the
solvent can increase or decrease the adsorption depending on the relative strengths
of electrostatic and non-electrostatic interactions (van de Steeg et al., 1992). When
electrostatic forces dominate, high salt concentration decreases adsorption due to
screening, i.e. affecting the Debye length of charged surfaces. However, if non-
electrostatic interactions are dominant, increasing salt concentration can have an
opposite effect as uncharged polymers can change conformation to accommodate
themselves on the surface. Screening of charges by ions can also affect protein ad-
sorption (Zhang et al., 2007).
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3 Experimental

An account of the materials used in this thesis is given next, after which the ex-
perimental methods are explained. This section ends with the description of the
characterization methods and their governing principles.

3.1 Materials

This section lists the chemicals and materials used in this thesis.

3.1.1 Chemicals

n-Octyldimethylchlorosilane (S1) (> 95 %), n-octylmethyldichlorosilane (S2) (> 95 %),
n-octyltrichlorosilane (S3) (> 95 %), and 1,2-bis(trichlorosilyl)decane (S6) (> 95 %)
(see Figure 10) were purchased from Gelest, Inc. (USA). NaCl (= 99.9 %), analyti-
cal grade acetone and toluene were acquired from VWR Chemicals (Belgium). KCI
(= 99.5 %) and KHoPOy4 (= 99.5 %) were obtained from Merck KGaA (Germany),
while BSA lyophilized powder (= 98 %) and anhydrous NagHPO4 (= 99.0 %) were
purchased from Sigma-Aldrich Chemie (Germany). PEI (30 % aqueous solution,
MW: 50000-100000) was acquired from Polysciences, Inc. (Pennsylvania, USA).
Ethanol (= 99.7 %) was purchased from Altia Oyj (Finland). All chemicals were
used as received.

Cl
\
Cl-Si
/
Cl
—Si —Si Cl-Si Cl-Si
\ / N\ /
Cl Cl Cl Cl Cl Cl Cl

(a) (b) (c) (d)
Figure 10: The silanes used in this thesis: (a) S1, (b) S2, (¢) S3, and (d) S6.
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3.1.2 CNF Film

A roll of CNF film was obtained from VTT Technical Research Centre of Finland
(Espoo). The film was stored in constant 50 % RH at room temperature.

3.2 Methods

In this section, the growth methods of the silane SAMs are described in addition to
the various stability tests to which the silane-modified films were subjected to. The
experimental description of BSA and PEI adsorption is given subsequently, after
which the principles of contact angle measurement, atomic force microscopy, and
X-ray photoelectron spectroscopy are explained.

3.2.1 UV Ozonation

CNF film surface activation and stability under UV/O3 was accomplished with UV
Ozone ProCleaner™ (BioForce Nanosciences, Inc., USA). The primary wavelength
of the UV light is 254 nm and a secondary wavelength of 185 nm, which together
initiate the generation of atomic oxygen and ozone (see Section 2.3.2). The com-
bined effect of UV light and reactive oxygen species leads to a cleaner and more
hydrophilic film surface due to decomposition and evaporation of small hydrophobic
organic contaminants and thus also increasing the availability of surface hydroxyl
groups, in addition to generating more polar functional groups due to oxidation.
(Osterberg et al., 2013a)

3.2.2 SAM Growth Methods

The CNF film was removed from storage at least 24 h before use. The SAM growth
was carried out by either immersing the film into a silane solution or by exposing
the film to silane vapour. In both cases, the films were activated in UV ozonator
for 10 min before the silane treatment. In the liquid phase modification, 20 mL of
toluene-silane solution was prepared for ca. 8 cm? piece of CNF. In the vapour phase
growth, an 8 cm? CNF film piece was placed in a desiccator along with a ca. 2 mL
of silane, after which the desiccator was evacuated to a low pressure. Regardless of
the reaction medium, after the reaction was terminated, the films were rinsed with
ca. 15 mL of toluene and allowed to dry in a fume hood until the excess toluene
had seemingly evaporated. The films were then stored between two blotting papers
inside a vacuum desiccator until further use.



18

3.2.3 Stability Tests

The test in ambient environment was carried out at ambient laboratory conditions.
The sample was placed between two blotting papers inside a Petri dish covered
from light for 1-8 weeks, while the lowest and highest temperatures and RH values
were recorded continuously during the experiments. The measurements concluded
that temperature varied between 19.7 and 26.9 °C, while RH varied between 21
and 51 %. The 50 % RH test took place in the same space which was used to store
the CNF film roll. The samples were exposed to the air directly for 1-4 weeks. In
the 100 % RH test, the films were placed in a desiccator along with Milli-Q water.
The desiccator was then evacuated to the vapour pressure of water and left for 1-4
weeks. HCl and NH3 vapour experiments were similar to the 100 % RH test, only
that 10 vol-% HCIl or NH3s was used in the vacuum desiccator instead of Milli-Q
water. Also, the experiments lasted only 1 h. The stability of samples under UV
light was tested with 254 nm and 366 nm wavelength light for 1 h from 1 cm dis-
tance. The irradiance of the 366 nm lamp was measured to be ca. 3 mW/cm? at that
distance. After all of the above experiments, excluding the ambient test, the films
were rinsed with ca. 15 mL of toluene and allowed to dry, after which the samples
were stored overnight in a vacuum desiccator before characterization.

3.2.4 BSA and PEI Adsorption

The adsorption of BSA (0.1 wt-%) and PEI (1 wt-%) was studied in Milli-Q water
adjusted to pH 4 with acetic acid (AA) and phosphate buffered saline (PBS) adjusted
to pH 7 with HCI. PBS had a concentration of 10 mM, i.e. containing 8.0 g/L of
NaCl, 0.2 g/L of KCl, 1.44 g/L of NagsHPOy4, and 0.24 g/L of KH2PO4. Four types
of films were used, namely native CNF film, native CNF film UV/Ogs-activated for
10 min, S1-modified CNF film, and S1-modified CNF film subjected to UV/Og for
30 min.

Adsorption was carried out as follows. 30 mL of BSA or PEI solution was poured
over a ca. 3 cm? piece of film and left for 30 min, after which about 2/3 of the
solution was removed and the rest was diluted to ca. 1:5 with the buffer solution.
The dilution was repeated three times with the buffer and two times with deionized
water. The film was then removed from the solution and immersed into Milli-Q
water before allowing it to dry in ambient laboratory conditions. The presence of
BSA or PEI was monitored by tracking the relative atomic percentage of nitrogen
determined from XPS survey spectra.

3.2.5 Contact Angle Measurement

Static WCA measurements were carried out with CAM 200 (KSV Instruments Ltd.,
Finland), which has a computer-controlled water dispensing system and a droplet
shape analysis software. The contact angle measurement is based on the shape of a
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sessile droplet by fitting a curve at its air-water interface. The measurement setup
is depicted schematically in Figure 11. At least three measurements were made
for each sample using Milli-Q water droplets. The results were averaged to give
the mean WCA, while a 95 % confidence interval (CI) was used to represent error
bounds for the mean.

water drop on a sample

camera

light D e
source %

7 / ’7

Figure 11: Schematic illustration of the principle of contact angle measurement. A
solid sample is irradiated from one side with monochromatic light as a droplet is
placed on the sample. A camera captures images of the meniscus from the oppo-
site side. Computer software fits a mathematical expression on the liquid-vapour
interface and calculates the contact angle.

3.2.6 Atomic Force Microscopy

AFM is used to probe the surface morphology of solid samples with sub-nanometer
vertical resolution. Generally, it can be operated in three modes: non-contact mode,
tapping mode, and contact mode. For soft samples, e.g. many polymers and ligno-
cellulosic materials, the tapping mode is the prevailing characterization mode as it
allows minimal contact with the sample. In tapping mode, the cantilever of AFM is
oscillated close to its flexural resonance frequency near the surface of the sample.
The attractive and repulsive forces exerted by the surface atoms on the cantilever
tip cause it to change its vibrational amplitude as it pans across the surface. This
signals the piezoelectric actuator to increase the sample-cantilever distance, if the
amplitude decreases, and to decrease the distance when the amplitude increases. A
topographical map of the surface can be formed by measuring the amount of verti-
cal movement needed to keep the cantilever’s amplitude constant while moving it
across the surface (cf. Figure 12). (Haugstad, 2012, Ch. 1.4)

At least three 10 x 10 pm? images with 512 scan lines were acquired per sample
with MultiMode™ Scanning Probe Microscope (Digital Instruments, Inc., USA).
The images were post-processed with a third degree flattening, which centers the
height data and removes tilt and bow. The imaging was carried out in the tapping
mode in ambient air with silicon cantilevers purchased from Bruker Corporation
(USA).
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Figure 12: Schematic illustration of the principle of AFM. As the amplitude of the
cantilever oscillation changes due to surface topography, the cantilever-sample dis-
tance is changed such that the original amplitude is regained, allowing a topograph-
ical image to be composed from the distance adjustments.

3.2.7 X-Ray Photoelectron Spectroscopy

In XPS, a solid sample is irradiated with monochromatic photons with energy (Ep)
in the X-ray region of the electromagnetic spectrum, where the photon energy is
favourable for interaction with core electrons of the sample, causing a detectable
emission of the core electron (also photoelectron). Although photoelectrons are emit-
ted throughout the sample, only the top few nanometers contribute significantly to
the spectrum, as the electrons emitted in the bulk are likely to lose energy through
inelastic scattering and thus fail to reach the ultra-high vacuum. The kinetic en-
ergy of the photoelectron (Exg) can be used to deduce the corresponding element
from the relation to its binding energy (Egg), which is given by the energy conser-
vation equation of elastic scattering:

EBE:EP—EKE—(P, (15)

where ¢ is the work function of the detector (see Figure 13) (van der Heide, 2012,
p-9). The spectrum can then be constructed by counting the detected electrons, in
counts per second (CPS), as a function of binding energy. The chemical environment
of the element is seen as a shift in the spectral peak’s fine structure. This is due
to deviations in the interaction of the valence electrons with neighbouring bonding
atoms, thereby quantitatively affecting the attractiveness between the core elec-
trons and the nucleus. This altered attractive interaction shifts the binding energy
above or below the value corresponding to unbonded atom depending on whether
the bonding interaction results in loss or gain in electron density of the valence
shell of the atom under consideration. (van der Heide, 2012)

The XPS spectra were obtained with Kratos AXIS ULTRA electron spectrometer
used in conjunction with a mono Al-K« source (100 W) and a charge neutralizer.
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The assignment of spectral peaks was done as follows: Si 2p at 102 eV, Si 2s at
153 eV, C 1s at 285 eV, N 1s at 397 eV, and O 1s at 529 eV. C 1s high-resolution
spectra were recorded with a pass energy of 20 eV, from which the deconvoluted

peaks were assigned to C—C at 285.0 eV, C-O

at 286.7 eV, C=0 at 288.2 eV, and

0-C=0 at 289.5 eV. 95 % CI was used to represent error bounds for the relative
atomic percentages determined from the spectra.

E»

core electron

X-ray

Vacuum — — (- — — — —— —
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L, Ls
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Figure 13: A schematic illustration of Equation 15, where E; is the photon energy,
Egg is the core electron binding energy, Exg is the electron kinetic energy at the
detector, ¢ is the detector work function, while K, L1, Lo, and L3 are atomic orbitals

(van der Heide, 2012, p. 67).
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4 Results and Discussion

This section presents the results of this thesis. The characterization of the na-
tive CNF film is covered first, after which the results of SAM growth kinetics are
presented, followed by the results of stability tests. BSA and PEI adsorption are
covered thereafter.

4.1 CNF Film Characterization

The native CNF film had a WCA of 21.7° + 2.1° after 24 h from removing the
film from its storage. After a 10 min UV/O3 activation, the WCA decreased to
14.9° + 3.6° with no apparent effect on the surface morphology of the film (Fig-
ure 14c). Fibrils ca. 1 pym wide can be seen in the AFM images shown in Figure 14,
but predominantly their widths were below 100 nm. Additionally, the film surface
was covered partly in granular features (Figure 14b), which were assumed to be ad-
ditives included during the making of the film. This affects the type of conclusions
that can be made of morphological changes as the film is quite heterogeneous in
this respect.

(a) (b) (©)

Figure 14: AFM height images taken from (a), (b) native CNF film and (¢) CNF film
UV/Os-activated for 10 min. The scale bar represents 2 ym.

The survey and high-resolution C 1s spectra acquired with XPS are presented in
Figure 15. The survey spectrum shows the presence of oxygen and carbon (Fig-
ure 15a) with O/C = 0.58, compared to 0.83 of pure cellulose. The so-called cel-
lulose fingerprint region is visible in the high-resolution C 1s (Figure 15b). It ap-
pears slightly distorted: a roughly 3:1 ratio of C—O to C=0 originating respectively
from the carbon atoms that are bonded to oxygen with single bonds and from car-
bon singly bonded to two oxygen atoms (cf. Figure 3). Also visible are small C-C
and O—C=0 components, likely from carbonaceous contamination or lignocellulosic
residues and carboxyl groups, respectively (Johansson, 2002). The presence of con-
tamination is clearly diminished by the UV/Oj3 activation (Figure 15b).
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Figure 15: (a) Native CNF XPS survey spectrum and (b) high-resolution C 1s of
native CNF film ( ) and CNF film UV/Og-activated for 10 min (- — -).

4.2 Growth Kinetics

Of the solvents experimented with in the silane modification, toluene produced the
best results. This remark was followed by a more comprehensive kinetic study,
the results of which are shown in Figure 16. S1 and S2 show a clear increase in
WCA with 10 mM and 100 mM concentrations and the data suggests that the sur-
face is fully saturated after 17 h. S3 and S6 produce a marked increase at much
lower concentrations, i.e. below 1 mM, and seem to be much faster in expending
the available surface reactive sites. AFM imaging revealed no apparent changes in
surface morphology after S1 and S2 treatments (Figures 18b and 18¢), but after S3-
modification, the fibrils seem to be more pronounced or swollen (Figure 18d), which
might be linked to a multilayer growth mode. The effect of silane-modification ap-
pears in the XPS spectra as Si 2s and 2p peaks and also in the high-resolution C
1s as an increase in the C—C component, originating mostly from the silane alkyl
chains, and as a decrease in C-O as cellulose attains the silane SAM. A complete
data set of the different atomic percentages and C 1s components is presented in
Figure 19, which show a similar trend for S1, S2, and S3.

During the growth of S6, cross-linked silane lumps have likely deposited on the film
surface (Figure 18e). Attaining a lump-free S6-modification was not achieved and
for this reason S6 was excluded from the stability tests and further characterization
with XPS. Regardless, S6 growth kinetics was investigated in vapour phase, but
similarly high WCAs were not achieved as the WCA seems to reach its maximum
at ca. 95° (Figure 17). AFM imaging showed no cross-linked lumps on the film
treated for 17 h with S6 vapour (Figure 18f). For the longest treatment time of
48 h, the silane had cured somewhat during the last 24 h, which might have had an
effect on the silane vapour pressure inside the desiccator.
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Figure 16: Water contact angle (+ 95 % CI) of CNF films modified with (a) S1,
(b) S2, (¢) S3, and (d) S6 in liquid phase as a function of immersion time. Silane

concentration: 0.1 mM, ® 0.5 mM, A 1 mM, v 10 mM,
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Figure 17: Water contact angle (+ 95 % CI) of CNF film as a function of time sub-
jected to S6 vapour.
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(b) (c)
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(d) (e) ®

Figure 18: AFM height images of (a) the control sample and CNF films immersed
in (b) S1 (100 mM), (¢) S2 (100 mM), (d) S3 (0.1 mM), and (e) S6 (0.1 mM) for 17 h.
(f) CNF film subjected to S6 vapour for 17 h. The scale bar represents 2 pm.
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Figure 19: Relative atomic percentages (+ 95 % CI) of (a) carbon, oxygen, and sil-
icon in the XPS survey spectra and (b) the components of high-resolution C 1s of
reference, control, and silane-modified CNF films.
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As a control sample, a native CNF film was immersed in toluene for 17 h after a
10 min UV/Og3 activation. The WCA didn’t change significantly after drying the
film overnight (14.2° + 1.2°), and similarly, AFM imaging indicated no apparent
changes in the surface morphology of the film (Figure 18a). XPS analysis showed
a smaller C—C component and a larger C—O component compared to the refer-
ence (Figure 18b), an indication of decreased contamination levels likely due to
the UV/Og3 activation. Based on the above results, the growth recipes used in the
stability tests were chosen as follows: 100 mM for S1 and S2, 0.1 mM for S3, each
with 17 h immersion time. Comparing the kinetics data presented here with in-
formation found in literature is not straightforward as the substrates and chemi-
cals vary greatly, but generally the requirement for higher concentration for silanes
with fewer leaving groups, i.e. S1 and S2, is expected (Fadeev and McCarthy, 1999;
Richter et al., 2000).

4.3 Stability

The results of the silane-modified CNF film stability tests introduced in Section 3.2.3
are presented next.

4.3.1 Ambient and Water Vapour

The WCA of silane-modified CNF films did not change markedly when stored in
ambient environment for up to 8 wk or in 50 % RH for up to 4 wk (Figures 20a
and 20b). Indications of the long-term ambient stability has been noted previously
from studies on alkyltrichlorosilanes grown onto silicon, which showed stability for
up to 18 months (Wasserman et al., 1989). Films treated with S1 and S2 show a
decreasing trend in WCA initially when stored in 100 % RH (Figure 20c), while the
last values (4 wk) indicate a negligible change with respect to the reference. This
might be caused by condensed water drops that were seen on the films after 24 h
and 1 wk experiments, giving them a more concentrated exposure to water. The
data indicates further that S3-modified film retains its hydrophobic character at
each time point. The stability of S3 is likely due to its ability to form highly cross-
linked mono- and multilayers. This is in keeping with the good stability of longer
alkyl chain silanes immersed in saline solution for 10 days (Wang et al., 2005). The
WCA of the control film increased, which could be due to deposition of contaminants
and their blocking of the native hydrophilic surface chemical groups.

The AFM images in Figure 22 illustrate the challenges of characterizing morpho-
logical changes occurring in the CNF film. The initial morphology contains fibrous
and granular features and analysing the extent to which the stability tests affect
the morphology is problematic, though some speculations can be made. The sur-
face morphology and chemical composition of the control sample was left unaltered
(Figures 22a, 22b, 22¢, and 21), while XPS analysis revealed little change in the
relative atomic percentages of carbon, oxygen, and silicon when the silane-modified
films were stored 4 wk in 50 and 100 % RH, but changes after 8 wk in ambient
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Figure 20: Water contact angle (+ 95 % CI) of control and silane-modified CNF films
as a function of storage time in (a) ambient environment, (b) 50 % RH, and (c) 100 %
RH.

conditions are clear and varied (Figure 21). S1-SAM undergoes a slight decrease
in carbon and silicon, and an increase in oxygen, while the opposite behaviour is
seen for S2 and S3. To some extent, these variations could be related to variations
inherent to the silane treatment, e.g. , the changes experienced by S3-modified film
can be explained by the different growth modes that it exhibits. The monolayer and
multilayer growth modes were not characterized in XPS separately, but the growth
of S3 is clearly different in Figure 22j relative to Figures 22k and 221. More silane
translates to higher silicon and carbon with lower oxygen content. The increase
in carbon percentage could at least partly result from an intake of carbonaceous
contaminants. A quite drastic change occurred for S2-SAM; a much higher carbon
content together with equal contribution from oxygen and silicon, while AFM imag-
ing revealed highly shrouded morphology (Figure 22g). The conclusion must be held
that contamination of unknown origin must have influenced these results.
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Figure 21: Relative atomic percentages of carbon, oxygen, and silicon in the XPS
survey spectra of control and silane-modified CNF films after 8 wk in ambient, 4 wk
in 50 % RH, and 4 wk in 100 % RH.
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Q) (k) M

Figure 22: AFM height images of (a)—(c) the control sample, (d)-(f) S1, (g)-(1) S2,
(j)—(1) S3-modified CNF films stored in ambient environment for 8 wk (first column),
50 % RH for 4 wk (second column), and 100 % RH for 4 wk (third column). The scale
bar represents 2 pm.
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4.3.2 HCI and NH3 Vapour

After subjecting S1-modified CNF film to HCl or NH3 vapour for 1 h, no signif-
icant change in WCA was observed in samples without a subsequent rinse and
ones rinsed with acetone, while toluene rinse resulted in a moderate decrease (Fig-
ure 23). Due to these results, AFM imaging and XPS analysis were omitted. The
ability of S1-SAM to resist the hydrolysis in acidic and alkaline conditions could
result from the long hydrophobic alkyl chain and their dense packing, impeding the
diffusion of water into the SAM-cellulose interface.
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Figure 23: Water contact angle (+ 95 % CI) of S1-modified CNF film after 1 h HC1
or NH3 vapour treatment. The horizontal axis lists the solvents used to rinse the
film afterwards.

4.3.3 UV Light and UV/Og

The WCA of S1-modified CNF film exposed to 254 nm and 366 nm wavelength UV
light for 1 h did not change, thus the AFM and XPS analyses were omitted and the
approach was not investigated further. The ineffectiveness of the chosen UV wave-
lengths to degrade the SAM is likely due to their insufficient wavelength needed to
cleave C—C bonds and the absence of reactive oxygen species (Ye et al., 2001).

When the silane-modified films were subjected to UV light in conjunction with
ozone, the WCA of S1 and S3 decreased below 20° after 30 min exposure, while
for S2-SAM, the degradation was slightly slower (Figure 24a). The UV/Oj3 treat-
ment had no seeming effect on the surface morphology of the films (Figure 25). The
XPS analysis shows that the C—C component decreases with increasing exposure
time, while the relative percentages of oxidised groups, i.e. C-O, C=0, and O-C=0,
increase as the degradation proceeds (Figures 24b and 26b). Figure 26a shows fur-
ther that the relative atomic percentage of silicon does not disappear in the XPS
survey spectra, indicating that the cellulose is left at least partly substituted with
silicon. These results are in accordance with the studies of degradation kinetics by
Ye et al. (2005).
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Figure 24: (a) Water contact angle (+ 95 % CI) of silane-modified CNF films as
a function of UV/O3 exposure time. (b) High-resolution C 1s XPS spectra of S1-
modified CNF film exposed to UV/Og for 0, 10, 20, and 40 min.
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Figure 25: AFM height images of (a) S1, (b) S2, and (c) S3-modified CNF films
exposed to UV/Og for 40 min. The scale bar represents 2 ym.
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Figure 26: Relative atomic percentages (+ 95 % CI) of (a) carbon, oxygen, and silicon
in the XPS survey spectra and (b) the components of high-resolution C 1s spectra
(cf. Figure 24b) of silane-modified CNF films as a function of UV/Og3 exposure time.
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4.4 Patterning of SAMs via Masked UV/O3 Exposure

UV/O3 exposure with a polydimethylsiloxane or metal mask was used to selectively
degrade silane monolayers. Based on the WCA results of Figure 24a, 30 min ex-
posure was used for S1 and S3, and 40 min for S2. The films were then rinsed
with ca. 15 mL of toluene. The degraded areas were noticeably darker in shade
(Figure 27), though this change in colour varied in magnitude between different
silane treatment batches. The channels of the patterned SAM shown in Figure 27
did not noticeably wet or wick after placing a Milli-Q water droplet on the round
pads. Only a bulge in the drop’s surface was noticed at the site of a channel. It
is possible that the substitution of hydroxyls with silanes takes place also on the
buried fibrils of the CNF film. The UV/O3 treatment most likely only degrades the
silanes on the top of the film, leaving the buried fibrils hydrophobic, which together
with the small pore size of CNF could affect the wetting and wicking behaviour of
the channels.

exposed
(hydrophilic)
unexposed
(hydrophobic)

\
i

Figure 27: S1-modified CNF film after 30 min masked UV/Og exposure.

4.5 BSA and PEI Adsorption

Figure 28 shows the relative atomic percentage of nitrogen in the XPS survey spec-
tra of CNF films subjected to BSA and PEI in buffered aqueous solutions. The
amount of adsorbed BSA on native and UV/Ogz-activated CNF films seems to be
largely unaffected by the solution pH, whereas the hydrophobic S1-modified film
and its UV/Og-degraded counterpart show larger variation in BSA content. The in-
creased hydrophilicity of UV/Ogs-treated CNF film decreases the adsorption of BSA
as expected (Ostuni et al., 2001), while the decrease of BSA content at pH 7 on
UV/Os-treated S1-SAM could be related to the crossing of pI, which is 4.7 for BSA
(Malamud and Drysdale, 1978), rendering BSA cationic at pH 4 and anionic at pH 7.
Besides other interactions, e.g. hydrogen bonding, this leads to an electrostatic at-
traction at pH 4 and repulsion at pH 7 between proteins and the anionic surface.
The difference in BSA content of S1-SAM at the two pH can be explained by the
difference in salt concentration of their respective solvents. PBS has a high salt
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concentration, which creates a large screening effect and a more compact BSA con-
formation compared to AA. Less BSA can thus be adsorbed per unit area at pH 7.
Also, BSA is likely more strongly anionic at pH 7 compared to its cationic strength
at pH 4 (Tanford and Buzzell, 1956), causing larger repulsive forces between pro-
teins and decreased adsorption at pH 7. Furthermore, the effect of hydrophobic
interactions could be stronger at pH 4 due to partial unfolding of BSA (Wang et al.,
2012).

The higher amounts of BSA on UV/Og-treated S1-SAM compared to native CNF
could be explained by a higher surface charge of the former surface, which requires
larger amounts of adsorbed species to compensate the surface charge. The increase
in surface charge could originate from the substitution of cellulose hydroxyl groups
with the three alkyls of S1, leading to triple the amount of possible charge-bearing
groups in an aqueous solution after UV ozonation (see Section 2.3.2).
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Figure 28: Relative atomic percentages (+ 95 % CI) of nitrogen in the XPS survey
spectra of native and S1-modified CNF films immersed in aqueous BSA or PEI
for 30 min: CNF = native CNF film, CNF UV/O3 = CNF film UV/O3-activated for
10 min, S1-SAM = S1-modified CNF film, and S1-SAM UV/O3 = S1-modified CNF
film UV-ozonated for 30 min.

The amount of adsorbed PEI on UV/Os-treated S1-SAM is similar at both pH and
somewhat larger compared to the S1-modified surface, which is likely to result
from a strong electrostatic attraction between the cationic polymers and the anionic
surface at both pH and the relatively weaker non-electrostatic attraction between
PEI and S1-SAM, respectively. The notable PEI content on a hydrophobic surface
and its only slight decrease at pH 7 could indicate that PEI adsorbs mainly non-
electrostatically onto S1-SAM, as the decrease in PEI content of S1-SAM at pH 7
could be linked to the higher salt concentration of PBS, which diminishes electro-
static attraction between polymer segments and the surface, while not inhibiting
the adsorption completely. (van de Steeg et al., 1992)
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5 Conclusions

The growth of alkylsilane monolayers onto CNF film was studied. The film was
rendered hydrophobic by the silane modification with no apparent effect on the
surface morphology of the films for S1 and S2. With S3, a slight swelling of fibril
features was noted that varied in magnitude, which is most likely related to the
ability of S3 to cross-link and form multilayered films. Presence of silane-lumps
was persistent in S6 treatment, and hence S6 was excluded from stability tests.
XPS confirmed the presence of silicon and aliphatic carbon species, which together
with the increased WCA is an indicative of a successful chemisorption of silanes
onto the cellulosic substrate.

The silane-modification was shown to be stable in ambient conditions for up to 8 wk
and in 50 % RH up to 4 wk. The decrease in WCA in acidic and alkaline vapours was
slow probably due to defect-driven kinetics and the large hydrophobic component of
the monolayer acting as an effective water diffusion barrier. The two in-house UV
lamps failed to change the wetting characteristics of the S1-modified CNF film. UV
light in conjunction with reactive oxygen species was used successfully to degrade
the alkyl chains, leaving oxidised silicon groups attached to the film. The method
was further used to create hydrophilic-hydrophobic patterns on the film surface by
masking the exposure with a polymer or metal mask. The channels turned out to be
too narrow to be wetted, and concerns over the necessary depth of UV/Og-removal
was put into question along with the wicking of native and silane-modified films.
BSA adsorption onto CNF from buffered aqueous solutions indicated a contrast for

selective adsorption with respect to native and UV/Os-activated CNF, and also with
S1-modified film and UV/O3-degraded S1-SAM.

In conclusion, the application of CNF film as a substrate for controlled fluid trans-
port was not achieved and further inquiries into spatial placement of alkylsilanes in
the film needs to be addressed to provide insight into its wicking behaviour. Never-
theless, the CNF film offers a smooth chemically homogeneous platform with good
and manageable rigidity when exposed to non-aqueous and aqueous solvents, re-
spectively, although quantifying morphological changes might prove occasionally
challenging.
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