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ABSTRACT

ALTERATION OF SELF-ASSEMBLED PATTERNS BY
MICROORGANISMS IN EVAPORATING DROPLETS

Tugba Andag
M.S. in Physics
Advisor: Giovanni Volpe
August 2016

The science of self-organization comprises a diverse range of processes where a disor-
dered system of components form ordered pattern or structure spontaneously without
any external instruction [1]. Plentiful examples of this phenomenon appear in nature
at almost all scales [2]. Over the past decades, self-assembly has become the ap-
ple of many researchers' eye by offering breakthroughs for many applications in not
only physics but also chemistry, biology and material sciences [3]. Among several
self-assembly methods, using evaporating droplets shines out as it provides ease and
simplicity. Along with these advantages, it increases its popularity by providing the
opportunity of obtaining a variety of patterns such as uniform depositions, central
bumps, polygons and hexagons [4] and more famously (coffee) rings [5]. Nonethe-
less, most of the studies resulting in these patterns have been carried out by using
Brownian particles which fluctuate randomly due to the collisions with the molecules
of the surrounding fluid, while only little is known when it comes to active particles
suspended in evaporating droplets. The self-propelling nature of active particles [6]
permits them to explore their environment differently from Brownian particles and
opens new doors in this research line. Being in the quest of understanding what will
happen in the presence of active particles such as the well-studied bacteria Esherichia
coli (E.coli), we investigate and explore the self-assembled patterns in evaporating
droplets by using digital video microscopy. We demonstrate that the presence of
E.coli bacteria tunes the self-assembled patterns. Moreover, we enrich the patterns
by introducing salt. We show that the activity of these microorganisms has an in-

fluence on salt crystallization based on the characteristic dendritic crystals obtained
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with active and motile bacteria and unaltered, regular crystals obtained with non-
motile bacteria with inhibited activity. Our results suggest a simpler, faster and
cheaper method in which common salt can be used as a biomarker to detect bacte-
rial activity.

Keywords: Self-assembled patterns, evaporating droplets, salt crystals, bacteria,
motility, activity.



OZET

BUHARLASAN DAMLALARDA KENDILIGINDEN
OLUSAN DESENLERIN MIKROORGANIZMALAR
TARAFINDAN DEGISTIRILMESI

Tugba Andag
Fizik , Yiksek Lisans
Tez Danigmani: Giovanni Volpe
Agustos 2016

Kendi kendini organize etme bilimi, parcalari daginik olan sistemlerin digardan bir
talimat olmadan, kendiliginden diizenli bir desen ya da yapi olusturdugu bircok
iglemi kapsar [1]. Bu fenomenin oOrneklerine dogada neredeyse her diizeyde
rastlanabilir  [2].  Son yillarda, sadece fizikte degil kimya, biyoloji ve malzeme
biliminde bir¢cok uygulamada yenilikler sundugu igin 6ztoplanma (self-assembly)
aragtirmacilarin gézbebegi haline geldi [3]. Muhtelif yontemler arasinda, buharlagan
damlalar1 kullanmak ise sagladigi kolaylik ve sadelik sayesinde biraz daha one
gkmakta. Bu faydalarin yanisira, buharlagan damlalar1 kullanmak esit dagilimh
tortular, merkezi ttimsekler, ¢cokgenler, altigenler [4] ve daha ¢ok bilinen (kahve) hal-
kalar1 gibi bircok deseni elde etme olanagi da saglayarak popiilaritesini arttirmakta
[5].  Ama, bu desenlerin elde edildigi ¢ogu caliyma, asili kaldiklari akigkanin
molekiilleri ile carpismalarindan dolay1 gelisigiizel hareket eden Brown parcaciklari ile
yapilmakta iken s6z konusu aktif parcaciklar oldugunda cok az sey bilinmekte. Aktif
parcaciklarin kendi kendilerine hareket edebilme dogalar1 sayesinde ¢evrelerini Brown
parcaciklarindan daha farkli kegfetmeleri bu arastirma ¢izgisinde yeni kapilar aciyor.
Aktif parcaciklarin bulundugu durumlarda neler olacagini anlamanin arayiginda,
buharlagan damlalalarda en gok ¢aligilanlardan olan Esherichia coli (E. coli) bakteri-
lerinin bulundugu durumlarda kendiliginden olugan desenleri dijital video mikroskopi
ile inceleyip arastiriyoruz. FE. coli bakterilerinin kendiliginden olusan desenleri
degistirdiini gosteriyoruz. Aktif ve hareketli bakterilerle elde edilen karakteristik
dallantili kristallerden ve aktivitesi kisitlanan hareketsiz bakterilerle elde edilen
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diizgiin kristallerden yola c¢ikarak, bu mikroorganizmalarin aktivitelerinin tuzun
kristallesmesini etkiledigini gosteriyoruz. Elde ettigimiz sonuglar, diger metod-
lara kiyasla, tuzun bakterilerin aktivitelerini gosteren bir biyoisaret olarak kul-
lanilabilecegi daha kolay, hizli ve ucuz bir yontem oneriyor.

Anahtar sézcikler: Kendiliginden olugsan desenler, buharlasan damlalar, tuz kristal-
leri, bakteri, hareketlilik, aktivite.
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Chapter 1

Introduction

Aren't we all dazzled by Nature, when we see the riot of colors and perfectly formed
patterns on the wings of a butterfly [7] or the beauty of the structures of the
snowflakes falling from the sky [8]7 The answer to this rethorical question is the
proof of the success of Nature's way of creating organization and order, or in other
words self-assembly. But, don't think that the examples are limited to these two;

they go beyond what meets the eye starting from molecules to even galaxies [3].

Along with Nature, getting organized and ordered patterns and structures via
self-assembly has also been useful for mankind's many purposes; taking inspiration
from Nature's accomplishments, self-assembly principles are now being mimicked by
many scientists. The diversity of the patterns has led to many different applications

(Chapter 3), further increasing the interest in this research area.

Particularly, using the stains left behind by evaporating droplets containing dis-
persed particles or dissolved solutes has provided a rather easy way of obtaining

self-assembled patterns [9]. Variety of patterns can be obtained this way depending



on several parameters. While they may lead to problems by forming unwanted ring-
like structures during deposition like in the case of ink-jet printing [10, 11], they

may also help us to even diagnose a disease [12, 13].

With this thesis, I study the self-assembled patterns that are obtained experi-
mentally after the evaporation of the droplets. After going over the fundamentals
of droplets and evaporation processes in Chapter 2, self-assembly is introduced in
detail in Chapter 3. By linking these two concepts, evaporation-driven self-assembly
which is an easy and simple example of self-assembly methods is presented as a way
of obtaining organized and ordered patterns later on. All the information provided

until the end of Chapter 3 paves the way towards our experiments.

Chapter 4 presents the experimental study of the self-assembly of Brownian par-
ticles in evaporating droplets by using digital video microscopy. Unlike most of the
studies which have used Brownian particles alone, we will focus on the influence of
active swimmers such as the well-studied bacteria E.colt which can move in a directed
path [6] on particles. The results show that the dinstinctive ability of self-propelling

of the bacteria tunes the self-assembled patterns.

In the pursuit of richening self-assembly in evaporating droplets at a higher level,
inducing the evaporation with salt (NaCl) helps us to step forward in Chapter 5.
Comparison of the salt crystals formed after the evaporation shows that the activ-
ity of the bacteria has an influence on salt crystallization. In particular, the salt
crystals show dendritic patterns in which active and moving bacteria are present in
the evaporating droplet and no such patterns but bulky crystals are observed when
the activity of the bacteria is inhibited. Our results show that the characteristic
self-assembled patterns obtained after the evaporation of droplets containing FE.coli
bacteria can be used as an effectively low-cost tool for detecting and indicating the

activity of these microbial cells.



In short, starting from such a simple concept like evaporation-driven self-assembly,
we ended up having a proposal for answering a challenging question such as whether

the bacteria present in a droplet are active or not by just using common salt.



Chapter 2

Fundamentals of Evaporating

Droplets

2.1 Introduction

A droplet is a small amount of liquid that takes spherical form when it is suspending
in a medium due to surface tension. However, this geometry changes slightly when it
falls on a flat solid surface and becomes a spherical cap instead of a sphere as shown
in Figure 2.1. These shapes ensure the droplet to have the minimum surface energy

possible.



(a) Water droplet suspending in air (b) Water droplets lying on a surface

Figure 2.1: Photographs of water droplets (a) suspending in air (Adapted from [14]),
(b) lying on a flat surface. Although droplets form a sphere while suspending in a
medium, they tend to take the form of spherical caps when they are dropped on a

flat surface in order to minimize the surface-to-volume ratio.

A droplet may start to lose some of the molecules on its surface due to vaporization
(see Figure 2.2), if the surrounding medium is not saturated with the liquid vapour.
As the molecules of the liquid can move and colloide with each other, they can
transfer some of their energy to their neighbours. The energy transfer creates a
variation among the liquid molecules causing some of them to increase their energy.
This variation provides an opportunity to the molecules on the surface of the droplet,
because they can gain enough energy to leave the droplet by changing phase from

liquid to gaseous, or in other words they can evaporate as depicted in Figure 2.3.
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Figure 2.2: General phase diagram. Liquids can change phase and become gas by
vaporization under the suitable temperature and pressure conditions. Adapted from
Awverill et al. (2007) [15].



Water Droplet

Figure 2.3: Schematic representation of the evaporation process of a water droplet
lying on a solid substrate. The liquid molecules on the surface can leave the droplet
when they reach a certain energy level by changing phase from liquid to gaseous, i.e

they evaporate.

The study of pure droplet evaporation dates back to the 19th century and to the
work of James Clerk Maxwell [16]. Maxwell assumed that the vapor concentration
difference between the surface of the droplet and the surrounding medium causes
the evaporation; this assumption made him believe that the evaporation process
was mainly controlled by diffusion [17]. Later on, thanks to further studies, it was
understood that he was essentially right about diffusion, but his study had some

rough edges [9]. Now it is known that mutual heat and mass transfer between the
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droplet and its surroundings cause the evaporation [18]. The heat exchange occurs
due convection, conduction and radiation; the mass is transfered from the vaporizing

droplet to the surrounding gaseous medium by diffusion and convection [18, 19].

In this chapter, we will first become familiar with pure droplets by starting to
introduce the fundamental science behind their shapes. Then, I will define the con-
tact angle which will help us to identfy the states of wetting of the droplets and
characterize the properties of the underlying substrate. I will end the chapter by
describing pinning and depinning of the droplets.

2.2 Surface Tension

It is a well-known fact that liquids tend to take the shape of the container that they
are poured into. In the absence of a container, on the other hand, they tend to take
the form of spherical or hemispherical droplets when they get heavy enough to fall.
We are all used to see the droplets in these forms. The reason behind this shape lies

in the phenomenon of surface tension.

The molecules inside the droplet keep it together by applying equal attractive
forces to their neighbours. As the molecules inside the droplet are surrounded by
other liquid molecules, they feel the intermoleculer forces in every direction and they
remain under uniform influence. However, the liquid-gaseous interface causes the
molecules on the surface of the droplet to have fewer liquid neighbours and this
causes an imbalance in the forces. The molecules on the surface start to bend the
shape of the droplet as they undergo the attractive effect of their neighbours and get
pulled towards the center as there is no liquid molecule outside to balance them. This
imbalance creates a tension on the surface, i.e. surface tension, causing the droplet to

take a spherical shape and making it appear as if covered with a transparent elastic



membrane. This geometrical shape also permits the droplet to acquire the minimum

surface area possible for a given volume [15].

Incidentally, surface tension is also why some dense objects like a steel needle or
a paperclip can float on water rather than submerging as shown in Figure 2.5 as if

they are carried by the so-called membrane [20].

Fd
r
s

S -
- -

Water Droplet

\\ /

7/
Figure 2.4: Schematic representation of a hemispherical droplet on a smooth solid
substrate pointing out the reason behind its shape. The magnified portions show
the intermoleculer forces by focusing on the molecules inside and on the surface of
the droplet. The molecules inside the droplet are balanced thanks to the attractive
forces applied by the surrounding liquid molecules in each direction. However, the

molecules on the surface get pulled towards the center by the imbalanced attractive

forces due to the lack of the liquid molecules outside.



Figure 2.5: Effect of surface tension: Even though the density of steel is higher than
the density of water, a steel needle floats on water thanks to surface tension and it

looks as if the surface is covered by a transparent membrane.

2.3 Contact Angle

When a liquid droplet rests on a solid flat surface, it spreads on it until reaching
equilibrium and wets a particular area depending on the properties of the underlying
surface. That area is limited by the contact line of the droplet formed by the three
tensions among the liquid-vapor, solid-liquid and solid-vapor interfaces as shown in
Figure 2.6 [19, 21].
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Figure 2.6: Balance of the interfacial tensions at the three-phase contact line of a
droplet lying on a flat solid surface. An angle, i.e. contact angle, is formed between

the solid-liquid and liquid-vapor interface.

As seen again in Figure 2.6, when the profile of the droplet resting on an ideal,
smooth surface is observed, an angle defined as the contact angle is formed because
of the mechanical equilibrium of the surface tensions among the interfaces of the

three phases.

Thomas Young, who was the first one to describe the contact angle in 1805, derived
an equation for calculating the contact angle of a droplet resting on a solid surface.
The equation that also bears his name shows the relation between the cosine of that

angle and the three surface tensions of the droplet as follow;

Young's Equation:

Ysv = Vsl + Yv cos(6) (2.1)

where 6 is the contact angle, 7, is the tension between solid-vapor interface, 74 is
the tension between solid-liquid interface and -y, is the tension between liquid-vapor
interface [22]. This equation takes only the tensions into account, assumes that they
are constant and the gravity is negligible. To put it simply, it ignores the influence
of the surface topography. As a consequence of real life surfaces being far from this

ideal condition, experimentally measured contact angles may not match with the

11



Young's contact angle [23].

Rather than using equations which requires extra terms, the contact angle can
be also measured directly from the profile of the droplet by following a geometrical
approach. Applying a tangent from the starting point of the contact line where
liquid and solid meet along the liquid-vapor interface of a droplet lying on a surface
horizontal to the ground is enough to obtain the value of contact angle as shown in
Figure 2.7 [24].

0=33.885°

Figure 2.7: Experimentally recorded side view of a water droplet lying on a glass

slide showing the contact angle # measured by following geometrical ways.

2.4 Droplet Wetting and Pinning

The contact angle described in the previous section also helps us to determine the
state of wettability of a liquid, because it tells how much the liquid spreads over the
solid surface when they interact. Therefore, we can identify a droplet as it is wetting

or non-wetting the surface by just looking at the measured contact angle [25, 26].
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i E——
(a) Complete Wetting, §=0° (b) Partial Wetting, #<90° (c) Nonwetting, 6>90°
Superhydrophilic surface Hydrophilic surface (Super)hydrophobic surface

Figure 2.8: Different states of wetting of a droplet on a flat solid substrate. Con-
tact angle changes depending on the surface properties of the underlying substrate:
0=0° indicates the complete wetting of the droplet, § becomes smaller than 90° on

hydrophilic surfaces and exceeds 90° on hydrophobic surfaces.

If the contact angle is 0°, it means that the droplet wets the solid surface com-
pletely and this indicates the extreme case of a superhydrophilic surface . If the con-
tact angle is less than 90°, the droplet wets the surface partially. In view of droplet
spreading over a considerably large area, it can be said that the surface is in favor of
wetting and the term ‘hydrophilic’ which means ‘water-loving’ in ancient Greek can
be used to characterize it. On the other hand, if the contact angle is greater than 90°,
it indicates that the contact between the liquid and the solid surface is reduced and
the surface repels the liquid, hence it may be called ‘hydrophobic’(‘water-hating’) as
shown in Figure 2.8 [21, 27, 28]. Moreover, when the contact angle exceeds 150°,

the surface may be defined as superhydrophobic [29].

As already explained in the previous sections, evaporation of a droplet causes a
decrease in the volume of the liquid. During the evaporation process, the droplets
may adapt the volume loss by decreasing the height and keeping the wetting area
same. In other words, the three-phase contact line, the interface where the solid,

liquid and vapor co-exist, may have a tendency to stay stationary while the volume
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of the droplet decreases indicating the pinning. Additionally, the volume of the liquid
may decrease also by reducing the wetting area along with decreasing the height of
the droplet. In this case, the contact line also keeps moving instead of remaining
static in consequence of the volume loss during the evaporation and the droplet starts

to depin as depicted in Figure 2.9 [30].

4 N
: [ \ : :ﬁ \;‘

(a) Pinning (b) Depinning

Figure 2.9: Schematic illustration of pinning and depinning of droplets on a flat solid

substrate.

Although evaporation of pure droplets itself is an interesting process, dissolving
solutes or dispersing particles in the droplets introduces a whole new research line,
because of the fact that these evaporating droplets leaves a stain behind. The variety
of the patterns after the evaporation depending on several experimental parameters
(will be explained in Chapter 3) has been very promising and opened new doors to
several research areas in not only physics, but also chemistry and biology [9, 31].
The ease of carrying out the experiments has also helped to increase the level of
interest for the evaporation of droplets [4, 32, 33]. Hence, in the next chapter we
will meet with droplets containing additives and focus on the self-assembled patterns

caused by their evaporation.
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Chapter 3

Self-Assembly using Evaporating
Droplets

3.1 Introduction

Creating organized and ordered patterns generates its own challenge and encourages
us to find simpler ways. Luckily, dissolving solutes or dipersing particles in droplets
helps us to obtain a variety of patterns, because the evaporating droplets leave behind
a stain and provide the opportunity of benefiting from self-assembly, i.e. a process in
which disordered components of a system get organized and form ordered patterns
or structures spontaneously without any external instructions [2, 3, 34]. By making

use of these, self-assembled patterns can be formed on-demand.

The examples of this autonomous generation of organization can be seen at almost
every scale from the double helix structure of DNA [35], the smallest genetics code

box that carries most of the essence of life in all the organisms on Earth, to the
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largest galaxies in the universe [3]. There are also the examples that we are used to
see in daily life besides the small droplets like the flocks of birds up in the air, the
schools of fish down in the ocean or the swarms of bacteria, bees or ants on Earth

[2, 36] as some of them shown in Figure 3.1.

(d)

Figure 3.1: Examples of self-assembly: (a) DNA double helix, (b) a school of fish, (c)
a flock of birds, (d) clusters of bacteria, (e) magnetic colloidal clusters, (f) colloidal
aggregates. Adapted from [37], [38], [39], Jena et al. (2006) [40], Kostopoulou et
al. (2014) [41], Yin et al. (2001) [42].

Not only nature both also technology takes its share from it. Over the past decade,
many researchers from different disciplines have become attracted to transform this
useful concept into an effecting tool with their own perspective [34]. This interest
has brought fruits and now there are lots of potential and actual applications of the
desired self-assembled patterns in 2D /3D structure building [43], electronics [2, 34],
photonics [2, 34, 44, 45], photovoltaics [46], near field optics [47], robotics, netted
systems [2], biomaterial fabrication, printing [48] and deposition [49].
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This chapter will start with one of the examples of self-assembly methods,
evaporation-induced self-assembly. Then, coffee-ring patterns which are one of the
most well-known examples of the evaporation-induced self-assembly will be intro-

duced and the underlying mechanisms will be explained along with the applications.

3.2 Evaporation-Induced Self-assembly

As the name suggests, evaporation-induced self-assembly refers to the self-assembly
method which is derived by the evaporation process of droplets. This method pro-
vides an easier way to obtain self-assembled patterns by just dispersing some particles
or dissolving some solutes in the liquid droplets. By the time the solvent evaporates,
the additives inside the droplets start to get organized and they form ordered struc-

tures spontaneously when the drying process is complete.

However, one should not be fooled by the simplicity of this method to underesti-
mate it. By playing with the parameters such as the shape of the dispersed particles
[50, 51, 52, 53, 54], size of the droplet [55], size of the dispersed particles [56],
type of the additives [33, 57, 58, 59, 60], motion of the particles [61, 62], the forces
on the particles [4, 63|, the flows [32, 64], conditions of drying [65] and the type
of the substrate [66], variety of patterns (some of them shown in Figure 3.2) such
as rings, uniform deposits, central bumps, multiple rings, polygons, hexagons [4],
fractals [67, 68] and dentrites [60] can be obtained after the evaporation increasing

the significance of the method.
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N
Initial wetted diameter

Figure 3.2: Different patterns obtained via evaporation of droplets. (a) Ring-like
pattern, (b) central bump, (¢) multiple rings, (d) fingering at wetting line, (e) uniform
deposition, (f) hexagonal cells. Adapted from Bhardwaj et al. (2010) [4].
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3.2.1 Coffee Ring Effect

Among all these patterns, one of them shines a bit more; the ring-like stain left
behind the evaporated droplets which even the people outside from the scientific
community should have noticed after a clumsiness of spilling some coffee (see Figure
3.3).

So, have you ever wondered why the edge of a spilled coffee droplet gets darker

and darker as it dries out? Some scientists did.

Figure 3.3: Photograph of spilled coffee stains.

Although Adachi and his co-workers touched on the tendency of the particles
collecting near the edge of a droplet boundary in 1995 [69], the real explanation
that lies behind the reason of the motion of the particles came from Robert D.
Deegan and his collegues two years after Adachi's team in 1997 [5]. An everyday
life experience of a spilled coffee droplet made these people wonder the underlying
reason for seeing a denser stain along the perimeter of the drop because of the

accumulation of the particles present the liquid. They pioneered a new research area
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at the University of Chicago in the United States of America by drawing attention to
the fact that those stains are including (but not limited to) coffee droplets and can
be also observed with droplets of aquaous solutions containing suspended spherical
particles (see Figure 3.4) [33, 70].

(a)

Figure 3.4: Pictures of (a) a dried coffee droplet, (b) an evaporating water droplet
containing 1-micron polystyrene particles. Initially uniformaly dispersed particles go
towards the edge of the droplets as the solvent dries out and create a darker stain

by accumulating at the edge. Adapted from Deegan et al. (1997) [5].

Consequently, the accumulation of migrating coffee particles at the edge of the
droplet gave the name of coffee-ring to the characteristic ring-like pattern formed

after the evaporation of the coffee droplet.

3.2.1.1 Mechanisms Behind the Coffee Ring Effect

Deegan and his collegues observed the evaporation process of water droplets contain-
ing polystyrene spheres via optical microscopy and identified capillary flow as the

cause of ring stains from dried liquid droplets.

When a volatile liquid droplet containing suspended particles meets the underlying

20



solid substrate directly and partially wets it, the edge of the droplet, which is known
also as the contact line, gets pinned to the surface and remains stuck there due to
the roughness of the surface. During evaporation, the radius of the droplet remains
constant as the pinning of the contact line prevents any change unlike the case of a

pure droplet, while the contact angle and the height of the droplet decrease.

Figure 3.5: Schematic representation of the motion of the particles in an evaporating
droplet effected by the outward flow. Evaporation induced flow, i.e. capillary flow,

carries the particles towards the edge while also replenishing the liquid loss.
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The evaporation rate at the stationary contact line becomes higher than at cen-
ter of the droplet as the liquid molecules near the edge are surrounded by fewer
neighbouring molecules than the ones in the center. Thus, the divergence in the
evaporation rate causes more liquid loss at the edge. In order to compensate that
liquid loss caused by the evaporation, more liquid is brought to the edge from the
center. As a consequence of the liquid transporation, a capillary flow is induced
from the center of the droplet towards the edge. This radially outward flow not only
replenishes the liquid lost at the contact line, but also carries the suspended particles
inside the droplet towards the edge. The driven particles populate at the perime-
ter of the droplet and form a concentrated ring-like structure namely coffee-ring as
depicted in Figure 3.5. In short, the underlying mechanism of the ring formation
phenomenon can be elucidated by firstly the pinning of the contact line and secondly
the evaporation induced outward capillary flow [5, 19, 24, 32, 33, 70, 71].

3.2.2 Applications

When considering the fact that the pioonering work started with such a trivial daily
life experience such as spilled coffee, the stains may seem to be insignificant. On
the contrary, those patterns obtained after evaporation of droplets have a great

significance in many scientific and industrial applications.

The so-called coffee-rings contribute to science with their characteristic structures.
By taking advantage of particles going to the contact line of the droplet and geomet-
rical constraint arising from contact line pinning and decreasing height of the droplet
towards the contact line along with the size of the particles; scientists revealed the
particle (as well as the biological entities, see Figures 3.6 and 3.7) separation capa-
bility of coffee ring effect [56, 72].
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5 I Nanoparticles

Mixture of nano and
micron sized
particles

Figure 3.6: Sorting of colloidal mixtures with the help of coffee-ring effect. While
the nanometric colloids go to the edge of the droplet, the geometrical constraints

prevent the micrometric colloids to reach the edge. Adapted from Monteux et al.

(2011) [72].

(@) (b)

A Colloidal Droplet on a Solid Surface

100 pm
————————

(d)

- . . . 50 ym
10° 107 10" 10° ;
Particle Volume Fraction (%)

Figure 3.7: Nanochromotography with the help of the coffee-ring effect. The biolog-
ical entities such as proteins, micro-organisms and mammalian cells with different
sizes can be also separated by making use of the coffee-ring effect. Although the
particles with the smallest diameter can reach the droplet boundary, the ones with

greater diameters fail to reach and get blocked at certain places. Adapted from Wong
et al. (2011) [56].
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On the other hand, this ring-like structure can be also a real problem for re-

searchers wanting to obtain uniform coating such as the case for ink-jet printing
10, 11].

The desire of homogeneous deposition has led the researchers to find new ways
gain control over the coffee-ring effect and even overcome it. A simple suggestion
for suppressing the coffee-ring effect came from Peter J. Yunker and his coworkers
which was basically playing with the isotropy of the particles present in the liquid.
By using ellipsoids instead of spheres, Yunker and coworkers overcame the unwanted
ring-stains and succeeded to obtain uniform depositions after the evaporation as
shown in Figure 3.8 [50].

Figure 3.8: Effect of particle shape on pattern formation: Using ellipsoids instead of
spheres suppresses the coffee-ring effect. Although (a) ellipsoids are distributed more
uniformly after the evaporation, (b) spheres form rings at the edge of the droplet.
Adapted from Yunker et al. (2011) [50].

Apart from this simple change which provides the opportunity of keeping the

chemistry of particles and solvent the same, there are also other ways to obtain

24



relatively uniform coatings after the evaporation by playing with several parameters
such as introducing surfactants and generating inward Marangoni flows opposing
to capillary flow inside the droplets [57, 58, 73] (can be also witnessed in Section
4.3.1.2), coupling acoustics waves to the solid substrate underlying the droplet [74],
using electrowetting [75, 76], heating the underlying substrate [77] and using solid
substrates with different wettabilities [66].

Furthermore, pattern formation by the evaporating droplets can be of use with
biological samples such as blood and serum (see Figure 3.10 and 3.11). The charac-
teristic differences between the patterns of the samples taken from different patients

have offered a fast and low-cost alternative for medical diagnostics as well [12, 13].

(b)

Figure 3.9: Images of blood droplets taken from different people. Four droplets of
blood taken from different individuals; (a) and (c) in good health, (b) suffering from
anemia, (d) suffering from hyperlipidaemia show different pattern formation after
the evaporation. Adapted from Brutin et al. (2011) [12].
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Figure 3.10: Images of serum droplets taken from different individuals suffering from
a disease or a physiological disorder. (a) Control group, (b) breast cancer patients, (c)
lung cancer patients, (d) people in-time delivery, (e) people in premature delivery,
(f) people with threatened abortion, (h) people carrying hepatitis. Adapted from
Yakhno et al. (2005) [13].

These are just some of the applications derived thanks to the self-assembled pat-
terns that shows even a small evaporating droplet can be used for understanding
many things. In conclusion, even though evaporating droplets may form some un-

wanted stains, they may turn out to be useful in many research areas.

26



Chapter 4

Self-Assembled Patterns in
Evaporating Droplets containing

Brownian Particles and Bacteria

4.1 Introduction

The variety of the applications acquired from the self-assembled patterns, the ease
and the simplicity of the method have increased the interest in evaporation-driven
self-assembly. However, so far most of the studies were conducted by using simple
Brownian particles alone such as spherical, ellipsoidal or rod-shaped particles [5, 50,
51] which move due to thermal fluctuations, while the behavior of active particles
still remains to be explored. When considering the fact that active particles have
the potential to tune the self-assembled patterns with their dinstinctive ability of
self-propelling, this topic becomes even more interesting. Here, in this chapter, we

focus on the effect of the motility of the active particles, e.g. bacteria, over the
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simple Brownian particles present in the evaporating droplets and examine the self-
assembled patterns obtained after evaporation. Our results show that the presence
of motile bacteria has an effect on the polystyrene particles in the droplets: they
change the pattern formation and provide more uniform, disk-like deposition rather

than a ring under controlled evaporation conditions.

4.2 Materials and Methods

4.2.1 Experimental Setup

A homemade inverted microscope (see Figure 4.1) was designed for observing the
evaporation process of the droplets. The setup was built with several optical com-
ponents on a stabilized optical table in order to avoid the disturbances coming from

the environment.

Three different cameras which were controlled by a computer were positioned for
the homemade inverted microscope accordingly so that the full view of the droplet,
the side view of the droplet and the magnified view of a portion of the droplet could
be observed by digital video microscopy simultaneously with the help of an incoherent
white light lamp directly projected onto the droplets. The full view was recorded by
using a 4X microscope objective, numerical aperture (NA) of which is 0.13 with a
CMOS camera. A beam splitter was placed between the lamp and the sample holder
for reflecting the illuminated light onto the CMOS camera. For the side view, another
microscope objective (10x, NA=0.30) and a convex lens with a focal lenght of 35.0
mm were used with a monochome CCD camera which were placed on two connected
translation stages moving in x and y directions to make it easier to detect the right
position of the droplet while recording. Lastly, the videos of the magnified view of

a certain portion of the edge of the droplet were recorded by a CCD camera using
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20x microscope objective with 0.5 NA which provided higher magnification when
compared to others in order to study the behaviour of the suspended particles in the
droplet. The frame rate was set to 5 fps for all the cameras during the experiments

to obtain synchronized results.

Figure 4.1: (a) Photograph, (b) schematic representation of the experimental setup:
Homemade inverted microscope capable of recording full view of the droplet, side

view of the droplet and magnified view of a certain portion of the droplet.

4.2.2 Cleaning Procedure for the Glass Slides

Ground edges 1 in x 3 in (25.4 mm x 76.2 mm) x 1 mm thick microscope slides
(Sail Brand, China) were used throughout the experiments and all were treated with

the same cleaning procedure to obtain the same surface quality for each slide. In
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order to get rid of the impurities and contamination on their surfaces, the glass slides
were cleaned with acetone, followed by isopropyl alcohol with the help of a folded lens
cleaning tissue by wiping it across from one edge of the slide to the other. Then, they
were soaked in 0.25 M of sodium hydroxide (NaOH) solution for approximately 15
minutes to make the surfaces hydrophilic and to reduce the adhesion of the particles
onto the glass slides. After rinsing them with deionized water, glass slides were

blow-dried with nitrogen (N3) and became ready to be used.

4.2.3 Sample Preparation

The polystyrene (PS) particles (shown in Fig-
ure 4.2) with diameter of 3.00 um were used for
these samples as they were suitable for preparing
colloidal suspensions. Three different colloidal

suspensions were prepared by using monodis-

perse spherical polystyrene particles (Microparti-
cles GmbH, Berlin, diameter d= 3.00 + 0.07 pm,

volume fraction ¢ = 0.095) as passive particles in

Figure 4.2: SEM image of PS par-

ticles (3.00 um) deposited on glass
slide deionized water, plain motility buffer and motil-

ity buffer containing FE.coli bacteria separately.

Deionized Water Sample: 58 ul of monodisperse spherical polystyrene particles
(Microparticles GmbH, Berlin, diameter d= 3.00 £+ 0.07 gm, volume fraction ¢ =
0.095) were suspended in 942 pl of deionized water (¢p=0.0055).

Motility Buffer Sample: 58 ul of monodisperse spherical polystyrene particles
(Microparticles GmbH, Berlin, diameter d= 3.00 £+ 0.07 pm, volume fraction ¢ =
0.095) were suspended in 942 pl of motility buffer having the same volume fraction as

the water sample. The reason behind using motility buffer as a medium of suspension
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here was to have a base for better understanding the behaviour of the passive particles
in this medium as FE.coli bacteria were already suspended in motility buffer and check

whether the medium itself had any effect on the pattern formation.

Bacteria Sample: 58 ul of monodis-
perse spherical polystyrene particles
(Microparticles GmbH, Berlin, diame-
ter d= 3.00 £ 0.07 pm, volume frac-
tion ¢ = 0.095) were suspended in 942
pl of motility buffer containing freshly
cultured flagellated Escherichia Coli (E.
coli) bacteria (single-celled, rod-shaped

Figure 4.3: Illustration of E. coli bacteria.

Adapted from |78
P 78] bacteria capable of taking up energy

from the environment and move with the
help of their tail-like filament called flagella [79]) (illustration shown in Figure 4.3)
to see the effect of their motility on pattern formation as they are one of the most

widely studied and well-understood active swimmers.

4.2.3.1 Preparation of the Motility Buffer

The stock solution for the motility buffer was prepared by adding 10 mM monobasic
potassium phosphate (KHyPO,4) 0.01 mM ethylenediaminetetraacetic acid (EDTA),
0.002 % of Tween 20 and 10 mM of Dextrose (CgH120g) to deionized water. The
resultant solution was mixed with the help of a magnetic stirrer to obtain homogenity
in the buffer. The pH of the solution was adjusted to 7.0 by putting appropriate

amount of NaOH solution.

Then, the plain motility buffer was treated with tryptone as the bacteria culture

was mixed with tryptone growth solution during the growth procedure (see section
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4.2.4.1) in order to have the similar effect. Three separate falcon tubes with 4 ml of
motility buffer were prepared. 2 ml of tryptone was added to the first falcon tube
and mixed well. From the resulting solution, 2 ml of mixture was taken and added to
the motility buffer to the second tube. Then, 2 ml of the new mixture obtained one
step back was added to the third tube containing only motility buffer as mentioned
before. By doing so, the concentration of the tryptone growth medium which was
originally high in the first tube was diluted. Finally, the motility buffer treated with

tryptone used throughout these experiments was obtained in the third tube.

4.2.3.2 Preparation of the Bacteria Culture

Motile E.coli bacteria were freshly cultured from the wild-type strain RP437 (FE.
coli Genetic Stock Center, Yale University) for each experiment (see Figure 4.4).
The bacteria were inoculated in 50 ml of Tryptone Broth (TB) inside a 250 ml flask
overnight, approximately 17 hours at 32°C and 180 rpm in a shaker incubator. After
the saturation, overnight culture was diluted 1:100 into a 50 ml of fresh TB inside
another 250 ml flask. The diluted culture was incubated for another 4 hours under
the same conditions with the overnight culture incubation until its optical density at
600 nm (i.e. OD600) reaches to 0.4. 7 ml of the diluted culture was transfered into
two falcon tubes and centrifuged at 2000 rpm at room temperature for 10 minutes.
Once the centrifuge was complete, the bacterial pellets which were precipitated at
the bottom of the falcon tube were gently collected with the help of a pippette. Then,
the resultant pellets were suspended in 4 ml of motility buffer of which ingredients
were given in section 4.2.3.1. The bacteria in the motility buffer was centrifuged,
collected and resuspended again in motility buffer in order to get rid of the growth

medium as much as possible.
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4.2.4 Experimental Procedure

0.40 £ 0.04 pl of each colloidal solution were dropped on clean glass slides by using
a micro-pipette for normal evaporation. The micro-pipette was tried to be kept as
still as possible during the dropping to avoid vibration as it could cause deformation

in the droplet profile.

Figure 4.4: Photographic demonstration of the experimental procedure: (a) Drop-

ping, (b) droplet on a microscope slide ready for evaporation.

Both the concentration of the solutions and the volume of the droplets were kept
constant for each sample within the measurement error. Each solution was mixed
well before each trial to obtain uniformity in the composition of the droplets. The

temperature of the laboratory was 20 + 1 °C while performing the experiments.
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4.3 Results under Normal Evaporation Condi-

tions

Two different media of suspension were used in this section (deionized water and
motility buffer). Images of the full view of the droplet was recorded both before and

after the evaporation with the side view of it immediately after the dropping.

The contact angles of the droplets were calculated using the corresponding side
view images with the help of droplet shape analysis method [80]. Several knots
were placed manually around the droplet contour starting from the left and ending
at the right contact line where liquid and solid meet by paying attention to keep
approximately same distances between them. Due to the possibility of droplet being
asymmetrical, two tangents were applied along the liquid-vapor interface starting
from the contact lines, the contact angle was measured from both left and right
and the averaged result was calculated accordingly in order to increase the accuracy.
Each experiment was repeated for several times to see whether the same pattern
after evaporation and the same contact angle for corresponding samples could be

obtained. By doing so, reproducibility was checked and confirmed.

4.3.1 Droplets Containing only Brownian Particles
4.3.1.1 Water Droplets

0.4 ul of water droplet containing polystyrene particles was dropped on the micro-
scope slide which was previously treated with NaOH solution and we were able to
reproduce the regular coffee-rings with polystyrene particles in water droplets under

normal evaporation conditions
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The contact angles of left and right side of the droplet immediately after the
dropping were measured as 12.37° and 12.01° correspondingly as stated in Table 4.1.
The average value of the contact angle was calculated as 12.19° with 0.25 standard
deviation (o). The evaporation time of the droplets was approximately 3 minutes
for these experiments under the laboratory conditions that were already specified in
Section 4.2.4.

Full View of the Droplet Side View Contact Angle
Before Evaporation After Evaporation of the Droplet Values

Left:12.37°
Right:12.01°
Average:12.19°

Table 4.1: Images of deionized water droplet containing PS (3 pum) particles before
and after normal evaporation along with the side view immediately after dropping

including the values of the contact angles under normal evaporation conditions.

4.3.1.2 Motility Buffer Droplets

Unlike the standard coffee ring obtained from the previous experiments, depinning
at the edge of the droplet was observed due to the change in the media of suspension

(deionized water replaced with motility buffer) as shown in Table 4.2.

The contact angles were measured from the recorded image of the side view of
the droplet immediately after dropping were nearly same with the average values of
20.82° and 20.21° with the average value of 20.52° and 0=0.43. The evaporation
time of these droplets was approximately 4 minutes which was longer than the water

sample due to increase in the viscosity caused by the change in the medium.
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Full View of the Droplet Side View Contact Angle
Before Evaporation After Evaporation of the Droplet Values

| e |

Left:20.82°

'. Right:20.21°
Average:20.52°

Table 4.2: Images of the motility buffer droplet containing PS (3 pm) particles
before and after normal evaporation with the side view immediately after dropping

including the values of the contact angles under normal evaporation conditions.

4.3.2 Droplets Containing Brownian Particles along with

Bacteria
Full View of the Droplet Side View Contact Angle
Before Evaporation After Evaporation of the Droplet Values

Left:20.79°
Right:20.95°
Average:20.87°

Table 4.3: Images of the motility buffer droplet containing cultured E. coli bacteria
and PS (3 pm) particles before and after normal evaporation with the side view
immediately after dropping including the values of the contact angles under normal

evaporation conditions.
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The addition of the motile bacteria also changed the pattern after evaporation. The
particles along with some of the bacteria started to pin at the edge of the droplet

again as shown in Table 4.3.

The contact angles were measured as 20.79° and 20.95° and the average contact
angle was calculated as 20.87° with 0=0.11 which were in consistent with the data
obtained before from the motility buffer samples as they had the similar medium of

suspension.

4.3.3 Comparison of the Results and Discussion

Due to the glass slide being hydrophilic after the NaOH treatment, the water droplets
started to spread to the solid surface more easily and the shapes of the droplets were
not as ideal as the other ones obtained with motility buffer. After the contact line was
pinned, the particles moved towards the edge due to the capillary flow. Therefore,
when the evaporation was completed, a concentrated ring (i.e. a full coffee ring)
consisting of monodisperse polystyrene particles at the periphery of the water droplet

where they were pinned was observed.

However, the presence of the surfactant (0.002 % of Tween 20) in the motility
buffer induced Marangoni flow inside the droplet and the polystyrene particles started
to slip backwards towards the center instead of pinning at the edge after being
dropped [57]. The capillary flow which was forcing the particles to go outward
towards the edge of the droplet was partially counteracted by the reverse surfactant
induced Marangoni flow which was forcing particles to go inward towards the central
area of the droplet. That's why, some particles were prevented from reaching the
contact line by this flow and stayed at the central area of the droplet forming branch-
like patterns inside the droplets. The difference in the pattern was shown in Table
4.4 in detail.

37



Full View of the Droplets After Evaporation

a b c

- 'lmm

Table 4.4: Comparison of the results under normal evaporation conditions: (a)
Polystyrene particles in the water droplets were carried by the capillary flow and
accumulated at the edge of the droplet forming a full coffee-ring. (b) The presence of
the surfactant (0.002 % of Tween 20) generated Marangoni flows causing the motility
buffer droplet to depin and the particles to go towards the central area of the droplet.
(c¢) Addition of motile bacteria further changed the pattern by causing the droplet

to pin.

We expected to see some differences when we added motile F.coli bacteria in the
system due the active nature of bacteria as they exhibit much more different motility
behaviours than passive particles. Although they further changed the pattern by
causing the particles to pin at the edge of the droplet, we couldn't observe any
significant difference due to the main factor that we were focusing on, the motility of
the bacteria. That's why, in order to see the real effect of the motility of the bacteria,
we decided to slow down the evaporation hoping for the bacteria to be more effective

on the passive particles and change the regular ring pattern.
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4.4 Results under Controlled Evaporation Condi-

tions

With a view to give a chance to bacteria to be more effective on the polystyrene
particles present in the droplets with their dinstinctive ability to self-propel, we
decided to repeat the experiments under controlled evaporation conditions by also
considering the fact the organisms such as bacteria prefer to live in moist habitats
[81]. Our aim was to decrease the evaporation rate by increasing the evaporation
time and weaken the capillary flow and providing a better environment to bacteria

so that we could see the effect of motility of them.

(a) Wall of the parafilm cage

(c) Ready to use parafilm cage

Figure 4.5: Steps for building the parafilm cage for controlling the evaporation.
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In order to slow down the evaporation, we put an additional glass slide on top of
the first glass slide at which the colloidal solution was dropped with a confined area
of approximatelly 1 cm x 1 ¢m built with parafilm as shown in Figure 4.5 in such a
way that the vertical distance between the glass slides was nearly 400 ym. The walls
of the cage were positioned with some space between them to control the air flow.
By doing so, the duration of the evaporation was extended up to 30 minutes (nearly

4 to 5 times longer than normal evaporation condition) with this so called cage.

Figure 4.6: Confined droplet ready for controlled evaporation.

4.4.1 Droplets Containing only Brownian Particles

The same steps and recipes for preparing the samples with PS particles in deionized
water and motility buffer were followed. The contact angles were measured by using
the corresponding side view of the droplets which were recorded before placing the

parafilm cage on top right after the dropping.
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4.4.1.1 Water Droplets

Regular ring-like structure were obtained after slow evaporation as shown in Table
4.5. The contact angles for the left and right side of the droplet were measured as
12.71° and 12.38° with the average value of 12.55° (¢=0.23) from the snapshot of
the side view of the droplet showing consistence with the previous experiments for

water samples.

Full View of the Droplet Side View Contact Angle
Before Evaporation After Evaporation of the Droplet Values

-

Left:12.71°
Right:12.38°
Average:12.55°

Table 4.5: Images of deionized water droplet containing PS (3 pum) particles before
and after slow evaporation with the side view immediately after dropping including

the values of the contact angles under controlled evaporation conditions.

4.4.1.2 Motility Buffer Droplets

As we used the same motility buffer which had surfactants in it for controlled evap-
oration experiments as well, we observed the same behaviour in these droplets. The
particles started to slip backwards instead of pinning at the edge and formed the

branch-like patterns again.
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Full View of the Droplet Side View Contact Angle
Before Evaporation After Evaporation of the Droplet Values

Left:20.14°

' Right:20.38°
Average:20.26°

Table 4.6: Images of the motility buffer droplet containing PS (3 pum) particles before
and after slow evaporation with the side view immediately after dropping including

the values of the contact angles under controlled evaporation conditions.

The contact angles for the left and right side of the droplet were measured as
20.14° and 20.38° with the average value of 20.26° (0=0.16 which were consistent

with the previous results obtained under normal evaporation conditions.

4.4.2 Droplets Containing Brownian Particles along with

Bacteria

As can be seen in Table 4.7, the motility of the bacteria has been proven to be

effective on the pattern formation.

The contact angles for the left and right side of the droplet were measured as 20.35°
and 20.39° with the average value of 20.37° (0=0.02) which were also consistent with

the experiments for normal evaporation.

42



Full View of the Droplet Side View Contact Angle
Before Evaporation After Evaporation of the Droplet Values

Left:20.35°
Right:20.39°
Average:20.37°

Table 4.7: Images of the motility buffer droplet containing cultured FE.coli bacteria
and PS (3 pm) particles before and after slow evaporation with the side view im-
mediately after dropping including the values of the contact angles under controlled

evaporation conditions.

4.4.3 Comparison of the Results

As there was no factor to be affected by the evaporation rate like the presence of
bacteria, slowing down the evaporation process did not change the pattern and a
regular coffee-ring was obtained after evaporation except the fact that capillary flow

becoming lighter and causing less particles to accumulate at the edge.

Slowing down the evaporation caused the capillary flow generated inside the
droplet to weaken. As the flow weakened, less particles were carried towards the
edge of the droplet during evaporation. Therefore, the coffee ring that was obtained
after the slow evaporation was much thinner than the one obtained after normal
evaporation because less particles accumulated at the edge after slow evaporation
due to the weakened flow. This comparison can be seen in the magnified images of

the edge of the water droplets containing PS particles in Figure 4.8.
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Comparison of the Results

Normal Evaporation Slow Evaporation

Table 4.8: Comparison of the results obtained with the PS particles in water droplets
after both normal and controlled evaporation conditions with the corresponding mag-
nified images of certain portion of their edges showing the difference in the thickness

of the coffee rings caused by the increase in the evaporation time.

Full View of the Droplets After Controlled Evaporation

a b c

Table 4.9: Comparison of the results under controlled evaporation conditions. (a)
Regular ring-like structure (thinner) were reproduced from the water droplets con-
taining polystyrene particles. (b) The presence of the surfactant (0.002 % of Tween
20) generated Marangoni flows causing the motility buffer droplet to depin and the
particles to slip towards the central area of the droplet. The central area of the
droplet was denser due to the increase in the evaporation time. (c) Addition of
motile bacteria not only caused the particles to pin at the edge of the droplet, but

also further changed the pattern and formed a disk-like deposition instead of a ring.
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As we used the same motility buffer which had surfactants in it for the slow
evaporation experiments as well, we observed the same behaviour in the droplets.
The particles started to depin and when the evaporation was completed after ap-
proximately half an hour later, the particles formed the same branch-like patterns
except the difference that the central area of the droplet was denser from the ones
which were obtained under normal evaporation conditions due to the increase of the

evaporation time and the decrease in the evaporation rate.

201
o
§
st
s

Microns

15 «
Microns Microns

(a) (b)

Figure 4.7: Experimentally obtained trajectories of a PS (3.00 pum) particle sus-
pended in (a) water, (b) active bath consisting of motile E. coli bacteria. The
particles follow different trajectories with and without the influence of motion of
the bacteria. While they can undergo Brownian motion when they are alone, they

become active in the presence of motile bacteria.
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Figure 4.8: Comparison of the Mean Squre Distances (MSD) of a PS (3.00 pm)
particle suspended in water (blue line) and in active bath consisting of motile E.
coli bacteria (red line). While the slope of the MSD of the PS particles in active
bath differs from the case without bacteria exhibiting super diffusivity at short time
scales (slope>1) and enhanced Brownian motion later, PS particles exhibit Brownian

motion alone (slope=1) [82].

When considering the fact that motile bacteria cause the passive particle to be-
come active, as can be understood from the experimentally obtained trajectories
shown in Figure 4.7, we have decided to slow down the evaporation to provide more
time to bacteria for showing their effect on the PS particles. Unlike the data obtained

under normal evaporation conditions, bacteria were proven to be more effective when
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we increased the interaction time between the bacteria and particles.

Average MSD Particle with Bacteria
Average MSD Particle alone

100 4

10 -
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Figure 4.9: MSDs of the PS particles after they reached to the droplet boundary
with and without the influence of the bacteria. Although the particles got stuck
after reaching the edge when they were alone, they became active thanks to the

addition of bacteria and kept moving even at the border.

Calculated MSDs of the polystyrene particles after they reached the droplet
boundary both with and without the influence of the bacteria confirmed that the
presence of the bacteria changed the motion of the passive particles. The parti-
cles got stuck at the edge when they were alone. However, when the bacteria were
present, the particles which were passive in the beginning became active and kept
moving even after reaching the boundary as shown in Figure 4.8. Thus, they moved
not only under the influence of capillary flows, but also under the effect of the motion
due to the presence of the bacteria. As the evaporation slowed down, the moving

bacteria caused some of the particles to overcome the capillary flow that was trying
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to lead them to the edge. Consequently, the particles were distributed also through

the central area of the drop. Hence, the regular coffee ring pattern was altered.

4.5 Conclusion

Slowing down the evaporation rate was a good opportunity for the bacteria to show
their capability as active swimmers on passive particles. However, we didn't observe
much of a difference under normal evaporation conditions due to the limited time
of interaction between bacteria and PS particles. As we didn't give enough time to
bacteria for being effective on the PS particles, they were also carried towards the
edge of the droplet along with them forming not much of a different pattern. By
taking the control of the evaporation process, the strength of the flow was decreased
and the motility of the bacteria became more important. They not only became
effective on PS particles by turning them into active particles, but also changed the
pattern formation. The particles which became active due to the presence of the
bacteria were distributed over the whole droplet during the evaporation process. In
the end, a coffee-disk rather than a regular ring was obtained. In the light of these
data obtained, we came to the conclusion that the presence of active particles in the
droplets have the ability to effect the motion of the passive particles present in the

droplets and they can alter the pattern formation after slow evaporation.
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Chapter 5

Self-Assembled Patterns in
Evaporating Saline Droplets
containing Brownian Particles and

Bacteria

5.1 Introduction

In the light of the fact that additives and the change in the interactions between the
dispersed particles caused by additives have a potential to tune the patterns in the
droplets, we decided to spice the evaporation process up by using common salt (NaCl)
and see what happens. Further in this chapter, we experimentally report the salt
crystal structures that we obtain after the evaporation of saline droplets containing
simple Brownian particles and bacteria alone using digital video microscopy. By com-

paring the crystals obtained from saline droplets with Brownian particles/bacteria
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and without Brownian particles/bacteria, we show that the activity of these mi-
croorganisms have an influence on salt crystallization. In particular, we demostrate
that salt crystals showed dentritic patterns when alive bacteria are present in the
evaporating droplet and no such patterns but bulky crystals are observed when alive
bacteria are replaced with the inactivated ones. Our results suggest a simpler, faster
and cheaper method in which common salt can be used as a biomarker to detect

bacterial activity.

5.2 Materials and Methods

5.2.1 Experimental Setup

The same homemade inverted microscope was used for this chapter except the fact
that the camera recording the magnified portion of the droplet was replaced with
a new CMOS camera and the distance between the 20x objective and new CMOS

camera was increased to have better resolution.

5.2.2 Cleaning Procedure for the Glass Slides

Cut edges 76 x 26 x 1 mm microscope slides (Marienfeld, Germany) were used
throughout the experiments in this chapter and all were treated with the same clean-
ing procedure to obtain the same surface quality for each slide. The impurities and
contamination on the surface were eliminated by wiping from one edge of the slide to
the other with a folded lens cleaning tissue dipped in acetone and isopropyl alcohol
respectively. After rinsing them with deionized water, glass slides were blow-dried

with nitrogen (Ny) and became ready to be used.
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5.2.3 Sample Preparation with/without Brownian Particles

Saline Droplets of Deionized Water: 26.25 pl of monodisperse spherical
polystyrene particles (Microparticles GmbH, Berlin, diameter d= 3.00 &+ 0.07 um,
volume fraction ¢ = 0.095) were suspended in 0.5/0.4/0.3/0.2/0.1/0.0 M of saline

solutions (volume fraction ¢ = 0.002).

Saline Droplets of Motility Buffer: 26.25 ul of monodisperse spherical
polystyrene particles (Microparticles GmbH, Berlin, diameter d= 3.00 £+ 0.07 m,
volume fraction ¢ = 0.095) were suspended in 0.5/0.4/0.3/0.2/0.1/0.0 M of saline
solutions in motility buffer with same volume fraction (see Section 4.2.3 for the rea-

son).

5.2.4 Experimental Procedure

0.60 4= 0.06 pl of each colloidal solution were dropped on clean glass slides by using
a micro-pipette for evaporation. All the precautions regarding not causing deforma-
tions in the droplet profile, homogenity of the solutions, uniformity of the concentra-
tions and the constancy in the volume of the drops were taken into consideration here
as well. The temperature of the laboratory was 19 + 1 °C with a relative humidity

of % 40 4+ 5 while performing the experiments.
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5.3 Experimental Results

5.3.1 Saline Droplets with and without Brownian Particles

As already explained before, in the absence of salt, regular coffee-rings were obtained

with particles as shown in Figure 5.1.

(a) Before evaporation (b) After evaporation

Figure 5.1: Images of water droplets containing polystyrene particles both before
and after evaporation. Regular ring-like structures are obtained in the absence of
salt (see Section 3.2.1)

However, the saline droplets leave different stains. Unlike the water droplets
containing colloidal particles, saline droplets depinned during evaporation and formed
no rings. The solvent loss due to evaporation caused salt saturation to increase. At
some point, when the droplets reached a supersaturation level, salt present in the
evaporating droplets started to crystallize. An example of this progress is shown in

Figure 5.2 with the top views of 0.1 M of saline droplet before and after evaporation.
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(a) Before evaporation (b) After evaporation

Figure 5.2: Images of a saline droplet before and after evaporation. Dissolving salt
results in crystallization due to the loss of solvent followed by supersaturation unlike
the droplets containing suspended colloidal particles which forms regular ring-like

structures.

In view of the fact that interactions between particles can change the pattern for-
mation in evaporating droplets, we induced the evaporation process of the droplets
containing polystyrene particles by adding common salt (i.e. NaCl). As a combi-
nation of both cases, we observed pinning of the particles and crystallization of salt
with these droplets. In addition, the resultant pattern changed. While we obtained
regular coffee-rings in the absence of salt, we observed clusters of particles in the
central area of the droplet along with the accumulation at the edge as shown in

Figure 5.3.

(a) In the absence of salt. (b) In the presence of salt.

Figure 5.3: Images of (a) water droplet, (b) saline droplet containing polystyerene
particles after evaporation. Addition of salt (0.1 M) changes the regular ring-like

structure obtained after evaporation.
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When the evaporation process was induced with salt, the polystyrene particles
that are negative charge-stabilized colloids started to aggregate. The salt causes a
decrease in the Debye-Hiickel screening length which results in a decrease also in the
repulsive barrier between the particles as they approach to each other [83, 84, 85].
When the barrier gets weak enough, they start to stick and form irregular clusters
as shown in the experimentally obtained Figure 5.4. Some of these clusters formed
during evaporation stayed in the central area of the droplet and determined the

resulting pattern.

Figure 5.4: Salt (0.1 M) induced aggregation of polystyrene particles: Negatively

charged particles start to aggregate due to the presence of salt and form clusters.

Starting from the least amount of salt (0.1 M), we gradually increased the salt
concentration in water and buffer droplets (due to the same concern that was already

pointed out in Section 4.2.3) up to 0.5 M and studied the patterns in order to compare
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the case when there is no particles in the droplets and when there are particles.
Although the droplets containing particles pinned at the contact line of the droplet
(similar slipping behaviour of particles observed in buffer, check Section 4.3.3)),
pure saline droplets depinned due to the absence of particles and increasing the salt
concentration resulted in bigger crystals. By comparing these cases, we came to the
conclusion that addition of salt changes the regular ring formation. Although we
could still see a ring at the periphery of the droplet, we also saw clusters of particles

in the central area of the droplet.
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Saline Water Droplets with PS Particles

0.1 M

02 M

0.3 M

0.4 M

0.6 M

\
|

Table 5.1: Images of saline droplets of Water\

__________________

with different salt concentrations con-
taining PS particles before and after evaporation along with the magnified portion
showing the salt crystals. Regular crystals are observed in the saline droplets con-

taining PS particles.
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Saline Water Droplets without Particles

0.1 M

02 M

0.3 M

0.4 M

0.5 M

Table 5.2: Images of saline droplets of water with different salt concentrations con-
taining PS particles before and after evaporation along with the magnified portion

showing the salt crystals. Regular crystals are observed in the saline droplets.
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Saline Buffer Droplets with PS Particles

0.1 M

02 M

0.3 M

0.4 M

0.5 M

i
V

Table 5.3: Images of saline droplets of buffer with different salt concentrations before

and after evaporation along with the magnified portion showing the salt crystals. The
motility buffer changes the salt crystallization and causes dendritic crystals at low

salt concentrations.
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Saline Buffer Droplets without Particles

0.1 M

02 M

0.3 M

0.4 M

0.5 M

i
DT s e T

Table 5.4: Images of saline droplets of buffer with different concentrations before and
after evaporation along with the magnified portion showing the salt crystals. The
motility buffer changes the salt crystallization and causes dendritic crystals at low

salt concentrations.
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5.3.1.1 Comparison of the Results

Saline Droplets
0.1 M 0.2 M 0.3 M 0.4 M 0.5 M

Table 5.5: Images of the crystals formed in saline water droplets (a) with PS parti-
cles, (b) without particles; saline buffer droplets (¢) with PS particles, (d) without
particles. Polystyrene particles had no significant effect on crystal formation, but

the presence of motility buffer changes the crystallization.
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The crystals formed in pure saline droplets were big and bulky as typical and com-
paring them with the ones obtained from the droplets containing particles helped
us to deduce that the presence of polystyrene particles had no significant effect on

crystal formation as shown in Figure 5.5.

Figure 5.5: SEM image of a portion of a dried saline droplet containing PS particles.
The salt present in the droplet starts to crystallize due to supersaturation caused by
the solvent loss during evaporation. PS particles have no particular influence on salt

crystallization.

However, buffer droplets behaved differently. The growing crystals formed den-
dritic patterns rather than regular salt crystals due to the ingredients of the buffer
and, increasing the salt concentration, reduced the dendrite formation. Interestingly,
at the highest salt contcentration with pure buffer droplets which is 0.5 M, grown

crystals formed coffee-ring just like the case with the droplets containing particles.

5.3.2 Saline Droplets with Bacteria

Following the same steps as the previous chapter, we wanted to see the effect of the
motion of the particles on pattern formation and used bacteria instead of polystyrene

particles in the droplets.
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However, as we know that the motility buffer itself causes alteration in crystal
formation, seeing the same dendritic pattern also with the bacteria couldn't help
us to understand the actual effect of it on crystal growth. In order to eliminate
the crystal alteration caused by the motility buffer itself, we decided to suspend the
bacteria in water instead of buffer even though we were aware of the inconvenience

of not providing a favorable environment for the bacteria.

Similar as before, salt crystals started to get bigger as the concentration increased.
More dendrites were obtained at the lowest salt concentration (0.1 M). We observed
that the motility of the bacteria decreased with the increasing salt concentration.
By putting together the observations of decreasing motility and crystals forming less
dendrites at high salt concentrations, we had a clue of motility altering salt crystals.
Thus, we searched for a way to get rid of the motility ability of the bacteria. Using
sodium azide offered an opportunity by inhibiting the activity of the bacteria [86].

(a) Before evaporation (b) After evaporation

Figure 5.6: Images of a water droplet containing non-motile E. coli bacteria with
inhibited activity before and after evaporation. Regular ring-like structures are ob-
tained with the non-motile E. coli bacteria with inhibited activity. Bacteria which
lose the ability to move become passive and accumulate at the contact line of the
droplet just like the case with polystyrene particles (see Figure 5.2) and form rings

in the absence of salt.

No crystal formation was observed in the absence of salt with the droplets contain-
ing bacteria in general. Particularly, the non-motile bacteria formed regular ring-like

structures same as the case with polystyrene particles before as shown in Figure 5.6.
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Saline Droplets with Bacteria

0.1 M

0.2 M

0.3 M

0.4 M

0.5 M

\ '
W '

__________________

Table 5.6: Images of saline droplets different concentrations containing freshly cul-
tured motile E. coli bacteria suspended in motility buffer before and after evapo-
ration along with the magnified portion showing the salt crystals. Bacteria suspended

in motility buffer changes the salt crystallization.
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Saline Droplets with Bacteria

0.1 M

0.2 M

0.3 M

0.4 M

0.5 M

' '
i E’ "

__________________

Table 5.7: Images of saline droplets different concentrations containing freshly cul-
tured motile E. coli bacteria suspended in water before and after evaporation
along with the magnified portion showing the salt crystals. The presence of the

bacteria alters the crystal formation and causes dendritic patterns.
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Bacteria suspended in water also gave the similar results. The salt crystals were
altered by the bacteria in a dendritic way and dendrite formation reduced with the

increasing salt concentration.

As 0.1 M was the concentration at which we observed the most alteration and it
provided a relatively convenient environment for bacteria, we started to study with

0.1 M of salt for the rest of the experiments.

Figure 5.7: SEM images of a dried saline (0.1 M) droplet containing freshly cul-
tured motile E. coli bacteria suspended in water. The presence of the bacteria

alters the crystal formation and causes dendritic patterns.

The bacteria which became non-motile after the sodium azide treatment could not

alter the crystal formation and regular crystals were obtained after the evaporation.
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Saline Droplets with Bacteria

0.1 M

Table 5.8: Images of 0.1 M saline droplets containing sodium azide treated E. col:
bacteria suspended in water before and after evaporation along with the magnified
portion showing the salt crystals. When the activity and motility of the bacteria are
annihilated with sodium azide, they start to behave just like passive particles and

no longer be able to alter the formation.

5.4 Comparison of the Results and Discussion

During the study of saline droplets, we examined the crystals obtained after the
evaporation. We started the experiments by using PS particles in the salt induced
droplets. Although we observed a difference in the final pattern formation as we
changed the regular ring-like structure, observing the similar salt crystals with and
without PS particles in the droplets helped us to conclude that PS particles did not
have a significant effect on crystal formation. Moreover, when we replaced the PS
particles with freshly cultured motile E. coli bacteria by taking account of motility
being an effective factor on pattern formation, we noticed quite a difference. The
living and moving bacteria joined the salt crystallization and formed different self-
assembled patterns. They altered the crystallization and form dendrites instead of
regular crystals. Observing differences in motility of the bacteria and dendrites with

different salt concentrations led us to the motility as a factor effective on also the

66



crystallization.

Thus, motility of the bacteria became the first factor that we wanted to check
whether it was the main effect on this alteration. Then, we used sodium azide to in-
hibit the motility of the bacteria. Interestingly, the bacteria which became non-motile
after the treatment could no longer alter the crystallization and regular crystals (like
in the case with and without PS particles) were obtained after evaporation confirm-
ing our guess. However, we were ignoring the fact that we were also inhibiting the
activity of the bacteria while using sodium azide, not just motility. We will con-
firm the real explanation lying under the salt crystallization alteration by genetically
modifying these bacteria in such a way that they will still keep their activity but
lose their motility. The experiments which will be conducted with these genetically
modified non-motile bacteria will help us understand whether the motility or the

activity is the main effective reason on the alteration.
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Saline Droplets of Water
a b c d

0.1 M

Table 5.9: Images of the crystals formed in 0.1 M of saline water droplets containing
(a) PS particles, (b) no particles, (c¢) freshly cultured motile E. coli bacteria, (d)
sodium azide treated F. coli bacteria. The presence of motile E. coli bacteria alters
the salt crystals, causes dendritic patterns rather than regular crystals obtained
with passive (non-living) particles. When the activity and motility of the bacteria
are annihilated with sodium azide, they start to behave just like passive particles

and no longer be able to alter the formation.
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Chapter 6

Conclusion

Although they are one of the oldest forms of life on Earth, bacteria were ignored for
so long because of their teeny-tiny size that prevents us from seeing them with the
naked eye. Once again, science proved the ones that thought the importance of a
thing lies on its magnitude and held the promise of fascinating us at all scales. The
lack of understanding caused by this ignorance started to vanish day after day and
the relationship between human and these microscopic beings has improved gradually

[87).

Now, we all welcome the bacteria of which helpful hand we feel in the dairy
products [88, 89], in our body [90] and even in medicine [91], but unfortunatelly
they are not about to sprout wings. They may fool us with their simple cell structure,
but considering the problems that they cause, they have a huge potential of damaging
public health and environmental safety [92, 93, 94]. Even though we cannot see them
with the naked eye, we know that they are present in almost every habitat which
increases the probability of causing discomfort, disease and even death. So, much as

we can not survive without some, we also cannot survive with some!
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The fear of the invisible, the potential danger and the challenge of differentiating
good and bad [95, 96| led people choose the easy path and focus more on getting rid
of them by killing with the antibacterial products rather than understanding whether

they are really active and pose any threat or not.

In order to find an answer for this fascinating problem and detect bacterial activity,
here we propose an alternative method based on evaporation driven self-assembly for
deciding on whether the bacteria present in the droplets are active or not by just
comparing the crystal structures that we obtained after inducing the evaporation
process with common salt. Our method will provide a simpler, cheaper and faster

alternative for detection of bacterial activity by using common salt as a biomarker.

By taking advantage of this self-assembly process, we found a way that will help us
to deduce the matter of bacterial activity. Like many other researchers from different
disciplines, we were also attracted to transform this useful concept into an effective
tool. Starting with one of the simplest ways of self-assembly, evaporation driven
self-assembly, we spiced the process up and focused on the self-assembled patterns
obtained after the salt induced evaporation of droplets containing suspended parti-
cles. The fact that bacteria have the potential to tune the self-assembled patterns

with their dinstinctive ability of self propelling opened a new door in our research.

Comparison of the salt crystals obtained from pure saline droplet and saline
droplet containing isotropic passive polysterene particles with the ones obtained
from the saline droplet containing living bacteria showed incontrovertible differences
proving that the presence of the living bacteria have the ability to alter the salt

crystallization.

First factor that should be checked was the motility of the bacteria based on the
results obtained with different salt concentrations in Chapter 5 and also the previous

results obtained in Chapter 4. So, we decided to find a way to get rid of the motility
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of the bacteria by using sodium azide. We repeated the experiments with these
non-motile, also inactive, bacteria and observed quite a decrease in the alteration
of salt crystals. Unfortunatelly, underestimating these little creatures and ignoring
that their activity was also inhibited along with the motility misguided us to the
conclusion of motility being the real effect on the alteration. Putting together our
results and studies conducted by Gémez [97], we propose the activity of the bacteria

as the main reason for the alteration.

Hereafter to confirm our hypothesis, we will try to knock out the gene of the
bacteria that is responsible for the motility and genetically modify them for our
purposes. We will repeat all the experiments by also using this mutant bacteria
which will be active but non-motile. Based on the results that will be obtained with

these bacteria will help us to deduce the real factor effective on the alteration.
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