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Abstract

Strain-induced dynamical heterogeney and

local viscoelastic behvior in complex fluids

Heekyoung Kang
School of Chemical and Biological Engineering
The Graduate School

Seoul National University

Whenstress or strain iappliedto the complex fluidsthey exhibitunusual
mechanical responses due to the geometfigadirancesthat the phase
coexistenceinduces Their rheological properties can be attributed to
characteristics such as highdisorder, caging, and clustering on multiple
length scalesWith it, the dynamics of complex fluids receives attentions as
it deeply related to the microstructure and rheological properyy.
supplementthe conventional rheometry we suggest particle tracking
microrheologyusing direct visualizatioas an alternativeJsing this method,



we can observe the local viscoelastic belrawvibmaterials as well as the
dynamics on micron length scalks a first step, we verify the experimental
setup of microrheology witkotally homogeneous materials suchvasious
polymer solutions by comparing with the results froronventional
rheometerThen, asa secondstep,we try to control a step of developing
mechanism of biofilms by measuring rheological properties of biafilins
composed with extracellular polymeric substances (EPS) and bacterial cells
which have been known to show viscoelastiehavior and have
heterogeneous microstructures. From measuring the mean square
displacements (MSDs) on the miesoale, the dynamicdleterogenei¢s of

the biofilms are evaluated using van Hove correlation function and non
Gaussian parameter. The dynaatiheterogeneityf the biofilms decreased

as the wall shear rate increased, analogizing the structural heterogeneity of
the biofilms on the different wall shear rate. By determining the lo6ah@

GO @&t the low wall shear rate, the structures of biwdi arecharacterizeds

void, loose and dense network structures respectivetgese kinds of
structural diversity in the biofilms give a strong dynamical heterogeneity at
low wall shear rate. In contrast, the narrow distribution of MSDhehigh

wall shear ratevas caused by the denswgucture of biofilms This result

clearly gives the strong point of particle tracking microrheology on localized



measuremdn Finally, a& a third step, we modified the previous
microrheological method teeport the effecof dynamical heterogeneity on
the theoreticainodelng of nonlinear elastic modulus and Brownian stress of
colloidal depletion gels that have undergone yiejdn highrate step strains

by modifying previous tracking method on the open systé&then we aply

step strains to colloidal gels with shoaihged depletion attractionsing
simple shear equipmenive find the existence of a subpopulation of slow
and fast particles. Within this flow regime, small aggregates of particles
connected by weak bonds dn@ken, leaving behind a network consisting of
slowly-diffusing particles. These slow clusters form rigid cores that
contribute to the remnant stress supported by the sample. Based on this
observation, we compare the measured rheology to the theordéistt e
modulus calculated only with the localization length of the slow clusters. We
find that this approach produces a far better agreement betweey énel
experiment In this thesis the dynamical heterogeneity of complex fluids
gives a vehicle to chacterize the structural heterogeneity under varied shear
stress.Finally, the findings in this study set the importance of dynamical
heterogeneity in the rheology of complex fluids such as bacterial community

biofilms and depleting colloidal gels.



Keywords: particle tracking microrheology, complex fluiddacterial
community biofilms, depleting colloidal gels, dynamical heterogeneity,
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1. Introduction

1.1 Microrheology

Conventional rheometry is widely used to characterize the viscoelastic
behaior of the complex fluids. However, it is difficult to precisely
determine their rheological properties when the viscosity of the fluid is not
high enough to induce sufficient signal that the equipment can detect reliably.
Dilute polymer solutions or dite suspensions fall under this case. In
addition, we can only obtain averaged properties over finite size of
measuring geometry with conventional rheometry. Hence it fails to detect
local variation of properties in heterogeneous systems such as biotmical
biopolymer, and colloidal suspension, where locally variable information
could be critical to describe their bulk behavior.

To overcome these limitations of bulk rheometry, microrheology has been
developed in recent decades. Microrheology is thelogg in micron size
domain, and therefore has advantages over bulk rheometry on detecting
weak signal and heterogeneity. First of all, sample volume required for
experiment is small, in the order of several milii@rs. Hence it has strength
in determinng rheological properties of biological samples, which are
mostly expensive and prepared by only limited volume. Second,

1



microstructure of the sample is not destroyed during experiment with this
method since very small or no external force is appliedds#mple during

the test. The third advantage of microrheology technique is extended range
of frequency applicable in dynamic measurements. For example, applicable
range of frequency reaches*Hyr for semiflexible polymers using diffusing
wave spectrosqy (DWS) techniqugl]. Fourth, the local heterogeneity of

the material in micro scale can be exclusively examined using microrheology,
through small obseing window adopted in the method. With these
advantages, microrheology has been found more suitable method to
determine the rheological properties of dilute suspengihnsemiflexible
polymer solution[ 3], polymer gel[4], wormlike micellar solutior§5, 6] and
biological materials such as-detin [7, 8] and live cells[1, 9]. Also,
particularly with the advantage of being able to detect heterogeneity, the
change in rheological properties during polymerization or gelation has been
determind using microrheology techniq(4, 10].

Microrheology is separated to two categories, active and passive methods
depending on the existence of external force exerted on the test domain.
Particle tracking microrheology technique used in this study is one of passive
methods, which exploits the Brownian motion of the tracing particles in a

test material to obtain locaheological properties of it. Compared to other



Table 1.1 Type of microrheology

Passive microrheology ! Active microrheology
Thermal fluctuation External force
Video particle tracking Magnetic tweezer

Laser deflection Optical tweezer
Diffusing wave spectroscopyé AFM




Table 1.2.Type and characteristics of passive microrheology

Video
particle

tracking

Low temporal and spatial resolution

Preserves individual particle information and tracking
many particleat a time

Sampl ebds vi s cabheterageneity can das
be determined

Simple apparatus required compared to DWS or LDPT

Laser

deflection

Weak powered laser is used as interferometer
Detect the movement of ¢
Extremely high temporal and spatial resolutions
Ensmble averaging is difficult

Y Ilimitations in quantit

DWS

Utilizes multiple scattering from monodisper
colloidal probe particles

Intensity fluctuations of scattered light

Y dynamics of medium

Fast and high resolution

Individual probe particle information is lost

Local heterogeneity data can not be obtained




microrheological methods, apparatus of particle tracking microrheology is
relatively simple and easier to setup. Also, the local information of each
particle in medium can be individually traced, unlike DWS téagpins, the
other passive method.

However, the performane of microrheological methotias rarely been
verified systematically using various materials. Most of previous studies
suggested results of one model polymer solution to verify the performance of
the nethod [1, 8, 11-14]. Though Breedveld and Pind5 derived an
effective upper limit for the viscosity and/or elasticity applicable to
microrheology technique bateon the distance a probe particle travels
during measurement and on the resolution of visualization equipment, it was

only theoretical work and they did not verify the results experimentally.

1.2. Controlling the bacterial biofilms

Biofilms are complex ggregate of microorganisms surrounded by the slime
they secrete. It is composed of bacteria, void and extracellular polymeric
substanceqEPS). Bacteriaadhered on the surfaceduce biofilms by
producing extracellular polymeric substances at surfaée?1]. In many
environmentssuch as underwater structu&?], membraneprocesses for
water treatmenf23-25], foods [26], and biomedical application®7], the

5



control of biofilm growth is of major importance, becausBS lead to
undesirable effectsi-or examplesbacterial biofilm prevents the flow of
materials inside pipeline and often causes infection on the surface whimed
devices like catheters and prosthetissides, the developing mechanism of
biofilms needs to be understood, because the biofilms are a kind of ways to
control the pollutants in the water during water treatment pro€esemove
biofilms effectively understanding filsforming mechanism and mechanical
properties of biofilms is essential. Biofilms are developed by three steps: first
step is attachment of bacteria, and then growth of EPS and finally,
detachment of bacteridn this study, we tried to anmtrol the bacterial
communitybiofilms with two kinds of methodhe one isapplying electric
current on the adhered bacteria athe other ismeasuring the local
viscoelastic behaviors of biofilms.

There are several biofiimscontrol techniques, but appches for
controlling bacterial adhesioby the application of electric fields have
attracted wide attentiorbecause it is an environmentally friendly method,
which can beconveniently applied to any solid surfag28, 29]. The
electrical approactypically uses a low electric current to control bacterial
motility via external forces. Different bacterial moi#is have been observed

at cathode and aned30]. Under cathodic polarizatiothe electrophoretic



motility of bacteria is the major factor contributing to bactedieflachment.
The bacterial surface mainly carries a net negatiaege, so the electrostatic
repulsive force between bacteria atie cathodic#ly polarized electrode
overcomes the bacterial adhesifeece to a surface, thereby resulting in
bacterial detachmerjBl]. Bacterialdetachment by cathodic polarization is
known to be inflenced byenvironmental conditions, such as electric current
density and ionistrength[29]. In contrast, the oscillating motion of bacteria
and bacteriainactivation under anodic polarization has been suggested as
mechanisms of bacterial detachmg¢B0, 32]. The oscillating motion of
bacteria accompanied by shear stress diminishes bacterial adioesegoand
promotes bacterialetachmen{30]. The bacteriaimotility might influence
the microstructwal development of thbiofilm as well as bacterial adhesion.
Thus, the characterization ofcterial motility on an electrode surface is
important for effective biofilm control, but quantitative information on
bacterialmotion has not been reported, esplgiunder the influencef an
anodic electric field.

As the second method to control biofilirike rheological measurement
hasbeen suggestedlthough biofilms contain DNA and protein, the most
part is composed with polysaccharides. Based on this canpopiofiims

are the representative materials showing viscoelastic bej8@35]. There



are many researches about resistance of biofilms to the[#&w36-42].
Her e, itdéds i mportant to know the str.i
which are dependent on the apglishear streq487, 40, 42, 43]. Therefore,
the rheological properties of biofilms need to study along with structural
properties under varied shear strg:3 36].

The structural changes by external stress (shear stress or environmental
stress such as concentration of salt) have been reg@éedO, 43, 44].
Stewart et al. have suggedtthe cellular connectivity-<6e m) i s decr ea
by environmental stress which compared to the unstressed biofila@se(+m)
[36]. Liu et al. and Vieira et al. have researched that the biofilms forms
thinner and more compact structure under increased shear stress applied
during growth phasp43, 44]. On the other hand, Paris et al. have shown that

the biofilms develop more heterogeneous structure at highgr,., as the
high g,ewar CaUSe the rise of the cellular concentration adhered to the

surface[45]. In this way, although the researches of bulk structure such as
thicknes have been progressed, there have been not many researches that
state the structural and dynamical heterogeneities in biofilms.

People have designed some method to measure the rheological properties
of biofilms, especially, using bulk rheology or simutatimethod. At first, in
case of simulation method, there is a limitation to model the physiological
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bacteria perfectly since they show more complex mechanism than particles.
There have been studies on measuring mechanical properties of biofilm
using convetional rotational rheometer. But, in this case, the microstructure

of biofilm can be destroyed due to large oscillation. Also, the heterogeneity

of biofilm structure cannot be characterized, nor the developing process of
biofilm cannot be observed usingighconventional bulk rheometry. To
overcome these disadvantages Rogers et al. selected microrheology as a
novel method, and measured the local complianc&taybhylococcus aureus

and Pseudomonas aerugindmsofilms in vitro [46]. However, because they

track the bactertas dynami cs, the results migh
caused by flagella along with the Brownian moti@®-49]. Then, it can

cause some error to calculate the compliance of biofilms. Also, in case of
Pseudomonas aeruginosdiich are the roghape cell, the Browniamotion

of ellipsoidal particle show different aspect with the one of sphedg

Therefore, in our study we try to apply the microrheological method by

di spersing probe particles i nsi de b i

dynamics.

1.3. Dynamics of post-yielding colloidal gels



Colloidal depletion gels are formed by the addition of a-adsorbing
polymer to particles suspended in a solvent to generate-rsimged
attractive interaction$51]. The solidlike properties imparted by colloidal
gels are used in a variety of applications such as nanoemulsiong, tissu
scaffolding, membranes, and printing2-56], where the relationship
between microstructure and rheology is particularly rich and not fully
understood. Colloidalejs and glasses are known to undergo yielding under
an externally applied flow, in which they can exhibit large structural changes
[57-62]. Rupture is a complex phemenon that is highly dependent on the
structural and dynamical heterogeneity of the system. Attractive glasses and
gels are known to display two clear signatures associated with bond and cage
breaking[59, 63, 64]. When sheared, they 'shed' their outer layer of particles
that are weakly bonded, leaving behinddiglusters that contribute to the
measured rheologp8, 64]. Multiple experimental observations of soft pivot
points in gels also relate to this hypothe$§gO, 65, 66]. The coupling
between microstructure and particle dynamics has been studied for many
guiescent colloidal systems, especially when traversing phase boundaries
[67]. However, particle dynamicsakie not been investigated at the high

shear rates required for significant structural breakup.
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Mode coupling theory (MCT) has been extended from the regime of-super
cooled fluids to the colloidal realm, and has shown reasonable success in
describing theriverse relationship between the linear rheology and the mean
squared displacement of particles in colloidal ¢6& 69]. However, due to
their ensemblaveraging assumption that all particles within the system
contribute equally to the elastic stress, they often-puedict the measured
rheology in noFhomogenous systems. Models that distinguish paiéciel
from clusterlevel contribution to the modulus in heterogeuas glasses have
shown good agreement between the theoretical and experimental shear
modulus[70].

In this thesiswe extend the idedat particles in sheared colloidal gels can
be categorized based on their megnared displacement, and that only slow
moving clusters can support an elastic stress in shear flow. This local
dynamical heterogeneity has been previously observed in quiegeks
where a divergence of slow and fast particles exist close to the gelation
transition[71]. These simulations results are experimentally supported by
confocal microscopy of quiescent colloidal suspensions with attractive
interactiong 72, 73]. In sheared depletion gels, diffusing wave spectroscopy
studies show that colloids remain in clusters that exhibit convection motion

even after flow ceasef69]. The existence of dynamical heterogeneity

11



suggests that ensemidgeraged theories, as MCTay not accurately
describe thedivergence in local dynamics of colloidal suspensions under

shear.

1.4.0utline of the thesis

The objectives of thistudyare tomeasure the local dynamioscomplex
fluids using particle tracking microrheological methaahd to quantify
strainrinduceddynamical heterogeneities which induced rhicrostructural
changeundervaried shear stress

In section 2, the theory of particle tracking microrheology will be
introduced.

In section 3, the test materials and the experimental protocol will be
detailed

In section 4,prior to apply the microrheological method to the complex
fluids, we need to verify the experimental setup particle tracking
microrheologywith totally homogeneous materialShereforewe compare
the zero shear viscosity and dynamicdulo of polymer solutions with
varying concentration, experimentally determined by particle tracking

microrheology and conventional rheometifie dynamic moduli calculated

using Maxwel | mo d e | and Eul erdéds equat
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rheometryAlso, the relation between the slope of mean square displacement
and storage modu$ are suggesteBased on these resultse conclude our
findings on applicable range of microrheology technique in obtaining
rheologcal properties of any material.

In secion 51, we try to quantify the translational displacement af
bacterial community under an anodic electric field usingadicle tracking
method. The particle tracking method, whicas been originally used for
rheological analysis, was selected ¢beracterizing bacterial motiof80, 74,

75], because the tracking nmeid is simple to set up and allows the
comparison of the motilitiesf several strain§74]. This technique provides
guantitative informationon the behavior of individual motile bacteria,
including the tmjectories of bacterial motiorf30]. The translational
displacementf bacteria was measured quantitativelyarms of 2variables,
that is, amplitude of current density and ionic strengtte displacements of
a large number of bacteria were measward the directional properties of
bacterial motion (circular ooscillating) were identified. The dynamics of a
bacterial communityobserved under an anodic electric field is discussed in
termsof the electrenydrodynamic force and the electoemotic forceThe
possible application of this method with respect to ¢baetrol of biofilm

growth was also partly demonated.
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In section 5.2ye tiy to quantify the dynamical heterogeneities of biofilms

on micron length scale under varief,....- Firstly, we measured the 3D

images of biofilms using Confocal Laser Scanning Microscope (CLSM) by

changing g, ..wa dUring growth phase. At the same time, the dynamical

heterogeneities of biofilms were evaluated with van Hove correlation

function and norGaussian parameter for ead), ... Obtained from
particle tracking miasrheological method. To see the relation W), ...

and dynamical heterogeneity, the local viscoelasticity was calculated using
Eul erds equation with microrheol ogi ca

discussed the effect ofg, ..., 10 the structural and dynamical

heterogeneity of biofilms.

In section 6,we modified the previous particle tracking microrheological
method to apply for the open material system with the weak external flow.
Then, wemeasure the straidependent dynamics of colloidal gels using
confocal microscopy and calculate the linear elastic modulus from mode
coupling theoryi polymer reference interaction side model (MERISM)

[68, 76]. By separating the bimodal dynamics that we observe in sheared
samples, we find that our corrected predictions are in much better agreement

with our experimental measuremts. Then, we tested the modutly;iamics
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relationship suggested by Chen and Schweizer theory using the strain
dependent localization length. Based on our results, we discussed the
limitation of the Chen and Schweizer theory for dynamics of the yielded
depleting colloidal gels. Also, previous yielding mechanisms that explain
structure rupture at initial state of yielding were compared with our results
[68, 76].

In section 7, above researches are summarized.
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2. Theory

Probe pdicles embedded in the solutiexperience two kinds of forces if
external force is not applied: Brownian random force and frictiooiaet

From the equation of motion, the formula becomes:

m = £ 2uy (2.1)

,where the m is mass of particle, v(t) is particle velocity(t) is Brownian

force. When the probe particles were dispersed wiscoelast medium,
equation 2.1) wasmodified & generalized Langevin equation. This equation
considers inertia withBrownian and frictional forces. In this case
convolution integral include thelasticity as well as viscosity by relating

previous velocity effedio the current frictional forcpt9]:

mM:f(t) nz(t £)\(t) dt (2.2)

,where z(t) is a memory functionThe Brownian force in this equation

wasassumed to be a Gaussian random variable with zero aigaacement
and to be completely decoupled frgmevious velocity{49]. Here, frictional
force wasconsisted of convolution integral of memory ftinoo and velocity
to make theviscous dampingFrom this procesghe energy can be stored
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and returned tthe elasticity of the medium.
To calculateconvolution integrabf equation (2.2)the Laplace transform

was takeron both side of the generalized Langevin equation:

MYO)(SY 3- ¥0)) =¥0) £( 3 -(OF (B ) (2.3)
In case of tne scale on the general particle trackithg inertiaterm could
be neglected[11] because our observation time wémger thanthe

relaxation time ofhe particle in a fluid. Then, this equation was taken
-(MUO)0)) TUO)E(3) (V0P (5 Y (2.4)

And we couldsubstituteparticle kinetic energy téhe temperature of the

systemderivedfrom the equipartition theory:

m(MO)W0)) = M (I} =k T (2.5)
,where k; is the Boltzman constar, and T is the temperature.
As the Brownian force was decoupled with the past vigl@nd its mean

was zero displacement which was derived from equipartition theory, the

equation (2.5) was simplified to thisquation
kT ={U0)Z (3 3) (2.6)
The righthand side of equation (2.6) waslocity autocorrelation function
that could be obtained from the second order derivative of the mean square
displacement77):
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<V(O)V(1) >6¢% > o9 gi_r%ﬂ 2.7)

From the equation (2.6Jhe memory functiorwas substitutedo the mean
square displacemeant a particldike this:

- kT Bk T
Z(9)= (VO(9) s*(Dr(9)

(2.8)

Then,to getthe linear viscoelastic modulusze usedmacroscopic stress
strainrate relation and their Laplace transform:
t
Lt =B (t ) g)at
0
£(9)=sG(3°d 3

(2.9)

,\where ist(t) is the stress,G, (t) is the relaxation modulus, ang(t) is
the strain rate.

Thelinear viscoelasti modulusin the Laplace space wése coefficient of

relation between stss and strain rate
G(9) = sG( 3. (2.10)
For the spherical particle dispersed in a fluid, friction force coléd
calculated from the following equation with approximationthat the
Newtonian viscosity coultle replaced to the viscoelastmodulus[12]:

F=6p avy, % @)V, (2.11)
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.where v, is relative velocity of the fluid, and a is the particle radius.

By applyingthe Laplace transform to equation (2.11), we cduid the

relationship betweetine modulus anchemory function:

G(9 :% (2.12)

When we put the equation (2.12) and (2.10) into equation (2t8g

generalized StokeRinstein equatiomvas like thig13]:

G(9=sG($ = ke T (2.13)

pas(D¥’(9)
where s is Laplace frequency and, is the Boltzmann constantlere,

several approximations should be appligdst, physical pperties around
the particle were homogeneous, which watisfied if the particle size wa

sufficiently large compared to the chateristic length of a fluid7§].

Seconl, noslip boundary condition waapplied at the interface of probe

particle and the test fluidThird, material should beildte suspension of

spherical particle in a purely viscous medium at zero frequency, following

Stokes law49].

Equation (2.13) relatedSD to modulus defined in the Laplace space.

Therefore, if we track particles immersed in a sample and calculate their

Laplace transformed MSD, we coutget relaxation modulus after inverse
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Laplace transformatiorof the modulus calculated from the generalized
StokesEinstein equation
Using Bessel function, mean square displacement of s ppakticle in

Laplace domain coulde transformed to timg@omain, resulting79]:

kg T |

G(S): 2 2 '
pa<r’(D 1G( I (8§ / (B,

(2.14)

From experimental results, MSD is calculated by taking ensemble average

on 2D coordinates of particle centroid in the trackinglte$il] :

< PPt) >EE tH)+x@1°-[Mt 4 YH’D.(2.15)
This value for individual particle is again averaged over at least 1,000
particles. When MSD is plotted against lag tindg, the slope is one for
Newtonian fluid following this relatiof49] :

<r’(D >2rD t BD=. (2.16)
In contrast, the slope is less than one for viscoelastic fluid due to sub
diffusive motion of probe particle, resultifg9]:

<r? >2Dt” (0 b< 1). (2.17)
For purey elastic solid, the slope is zero. In this study, maximDin
adopted is 10 s, because the number of data becomes insufficient for

statistically meaningful data processing above 10 s.

20



Purely viscous Viscoelastic

Log (MSD) Log (MSD)‘

Slope : less than 1

Slope: 1
Log {Time) Log {Time)
a 0=1 :Purely viscous materials (< P 2nDt)

a<1 :Viscoelastic materials — Subdiffusion

Figure 2.1.Thebasicprinciple of microheology
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The resulting MSD from equation (5) is substituted to equation (4) to lead
G(s) from experiment and is nonlinearly fitted to théollowing equation
[49]:

Gs

G(s) = ] m (2.18)

From the fitting, modulus coefficienG,; and relaxation time coefficient

t, of eachmodej are determined.

In the next step, viscoelastic models are applied to describe the material
functi on. I n this study, Max wel | mo d ¢
since these have been most frequently adoiptgatevious studie$49, 78,

79] . Multiple-mode Maxwell model fodynamic moduli are:

GWwW=83 G —,- ,and 2.19.1
a "1+ Wzl2 ’ (2.19.1)
G'wW=a G Wi (2.19.2)

a jl 2}2 , LI,

where w is frequency.
Eul eréds equation for dynamic modul

mode[79]:

G'(W) =|G ( Wfcos( p @) ie) (2.20.1)
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G'(W) = |G (Wfsin( p(a)he) . (2.20.2)
For these models, the modulus obtained from experimental data using

equation (4) is fitted to the absolute value of complex rusdin the model:

. o ke T
W @y s (B (221
,where the slope of MSD curve becomes:
In< D°( tp
H(w In(D) (2.23)

And the dynamic viscosity is calculaté80]:

° 2. 2
|/7*|=JaG 9.5 (2.24)

E 0TF

Also, to show the dynamical heterogeneity on the micron length scale, van

Hove correlation function@,(Dx,#)) and norGaussian parameteg{( ))
is used 67, 81]:

N (Dx,t)

G,(Dx.1) %<a B %0) X >> and (2.2

a2_x(l)_ <X4({) -

“3<x() 2 1 with % )¢ iéi.l?@( )Q( % )(2.26.1)

_ <y'@) > - B
az_y(o—m 1 with ¥ ()t Eﬂf’( )Q( ¥ )I(2.26.2)
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MW 600k PEO 1.2wt% solution

102
A Dt=0.033s
10! - O  Dt=0.33s
m]
—~ 10° A
o)
O 107
1072
10-3 T T

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

Dx [mm ]
Figure 2.3. The van Hove correlation function df2 wt% PEO aqueous

solution (M.W.600K at the Dt =0.033, 0.33, 1.0, and 5.0 s. The solid line

showed the Gaussian fitting. Inset: the 1@aussian pameter(a,( )) as a

function of Dt.
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In case of homogeneous materials like well dispersed polymer solution, the
probability distribution is well fitted with the Gaussian function, aag( J

is close to 0. We carried out the particle tracking microrheological
experiment with MW 600k PEO 1.2 wt% aqueous solution as a reference of
homogeneous materials (see, Figure 2.3). In contrast, in case of
heterogeneous materials such as biofilm, the pmbba distribution is
deviated from the Gaussian function, aad( ) is started 20 at smalbt as
shown in Figure 5.1072]. Also, we calculated dynamical heterogeneity on

the vorticity direction &, ,( )) and fow direction (@, ,( ) separately by

substituting the mean square displacement on two directio®” and
< B in equation (2.15). Using these parameters, the dynamical

heterogeneity of biofilncan be quantified on the mickead length scale

using particle tracking microrheology.
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3. Materials and methods

3.1.Polymer solutions

3.1.1.Material preparation

Two different semflexible aqueous polymer solutions with varying
molecular weight wre used as model viscoelastic fluids. One is poly
(ethylene oxide) (PEO, Sigma Aldrich) with two different molecular weights
of 2,000,000 and 600,000, and the other is poly (acryl amide) (PAA, Sigma
Aldrich) with molecular weight ofl.-2,000,000. Solutionsvere prepared in
deionized water by gentle mixing and rolling for 24 hours to avoid
degradation of polymer chain. Then polystyrene fluorescent particles
modified with carboxylate (Molecular Probes, U.S.A) were added to each
polymer solution to give 0.0dt% solid content. Fluorescence particles were
provided in dilute and welllispersed suspension state W&o solid in
distilled water and 2 mM azideyith exciting wave length of 580 nm and
emitting wave length of 605 nnThe diameter of the probe particdas 1
em for low concentration solutions and 500 nm for higher concentration
solutions. To disperse probe particles uniformly in polymer solutions and to
prevent aggregation, polymer solutions with probe particles were ultra
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Rate sweep test of PEO solution(using ARES)
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Figure 3.1 The rate sweep test of 2M PEO solutions using conventional

rheometer (ARES)
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sonicated for 5 min before each test.

3.1.2.Tracking process

2 0 ofsample solution was loaded to a PC20 CoverWell cell (Grace Bio
Lab) to prevent drying ahconvectional flows during measurements, and it
was mounted onto an inverted fluorescent microscope7{IXOlympus,
Tokyo, Japan)100 W mercury lamp was used as the light source and the
images of Brownian motion of fluorescent particle under ambient
temperature of 25 2°C were captured by electrenultiplier cooled CCD
camera (C91002 Hamamatsu) with frame rate of 30 Hz. Exposure time
was down to 500 ¢s, shortest possi bl e
particle images and corresponding dynamic €i8@f. CCD camera and PC
computer were linked via high performance frame grabber board (PC
Camlink Coreco imaging) to transfer data in high speed without data loss.
3,000 frame were captured in sequence and it was repeated 10 times in each
test condition to avoid errors from insufficient number of data points. Over
measurement time, particles float freely and can move out of observing 2D
plane to result in less number of data fonger measurement timesem
probe particles were observed using the 60X oil immersion type objective

lens(Olympus, Tokyo, Japanmyith numerical aperture of 1.40, while 500 nm
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probe particles were observed using the 100X oil immersion type objective
lens with numerical aperture of 1.42. The size of one pixel was 80 nm for
100X objective and 138m for 60X objective. Brownian motion of probe
particles was analyzed by particle tracking code written in IDL language
which was first developed by Crocki@3]. The code waslightly modified

for particul ar spemrspianse upon creator 6

3.1.3. Rotational rheometry

The bulk rheological properties of polymer solutions were measured using
cone and plate geometry on an ARES stantrolled rheometer (TA
Instruments). Steady shear viscosity and dynamic moduli of polymer
solutions were determined using a 50 mm / 0.0398 rad cone with fixed gap
of 0.0526 mm. Test temperature was set to be the same as in matching

microrheology measurement.
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3.2.Bacterial community biofilms

3.2.1 Model bacterial strain

Pseudomonas aerugino$®\OL1 cells expressing green fluorescent protein

(PAO1, Center for Biofilm Engineering, Montana State University, USA)

were used as a model microorganism. Cells were cultured overnight in
tryptic soy broth containingPAQIO0O ¢eg/
coonies formed on tryptic soy agar <co
were inoculated into a batch culture for 24 h. The PAO1 cells were then
diluted into 20 mM potassium phosphate buffer ¢RB, pH 7.1) and

adjusted to an optical density of 0.10 (600)nirhe zeta potential of PAO1

was measured a20 mV using an ELS000 (Photal Otsuka Electronics,

Japan) at 160 Hz and 80 V.

3.2.2.Experimental setup for measuring bacterial motion on

the surface

A flow chamber comprising of F81 flow cell (Bio Surface Tecluhogies,
USA) containing working and counter electrod8g8] wasused as a batch
reactor, and the experiments measuring bacterial movement were conducted

in a neflow condition.A transparent indium tin oxidé&4] electrode was
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Coverglass coated with ITO

- working electrode (anode, 100 pA)
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phosphate buffered solution

h A

Slideglass coated with ITO (b)

Figure 3.2. (a) The representative image of bacterial celiheael on the

glass surface, (lihe schematic of flow chamber.
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used as a working electrode to observe bacterial motion. ITO films (200 nm
thick, 60 ohm/squarelere deposited on a cover slip using a RF sputter (A
Tech Co., Korea). ITe@oated glass (Samsung Corning, Korea) was also
applied as a counter electrode (180 nm, 20 ohm/squdres) flow chamber
contains two electrodes without any reference electrodeéodiraited space.

The area of the electrodes in contact with the electrolyte was 6,&uchthe
distance between the electrodes was 3.0 Buth electrodes were connected
with aluminum foil to a potentiostat (PARSTAT 263, Princeton Applied
Research, USA)To examine the possible electrochemical reaction on each
electrode, linear sweep voltammetry (LSV) was applied in a separate batch
type electrochemical cell using Ag/AgCl (sat. KCI) as a reference electrode.
The distance between two electrodes was maiedaidentical with that in
flow chamber with Ag/AgCI (sat. KCI) as reference electrode.

The flow chamber was stabilized by flowing bactdree potassium
phosphate buffer (20 mM, pH 7.1) for 30 min, after which it was filled with
bacterial solution for @ min at a shear rate of 1.1T ¢low rate = 1.3
mL/min) using a peristaltic pump (Gilson, USAJQ]. After the bacteria
were allowed to adhere to the surface, flloev chamber was rinsed with
bacteriafree potassium phosphate buffer to remove any floating cells, since

the research is focused on the motion of adhered bacteria. Subsequently, the
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Figure 3.3. The LSV measuremetd confirm the oxygen evolution potential
under anodic electric field in three electrodes system with Ag/AgCI (sat. KCI)

as reference electrode.
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flow chamber was locked with nippers to maintainfiea condition. Under

an anodic electric currerit,500 fames were captured at one sequence for 50
s. Two operating variables, amplitude of current density and ionic strength,
were then controlled. Amplitude of current density varied from zerd0

e A/ Tanan ionic strength of 20 mM without changing the édat
solution in the flow chamber. Converselgetionic strength varied from 10
mM to 50 mM at a current of 18 A/ T m each experiment, the
measurements were repeated 5 times to obtain statistically meaningful data
for the calculation of the mean sgeadisplacement (MSD). The potential
between the two electrodes was measured as 2.4 V at A% T All
experiments were performed in triplicate under fixed experimental
conditions using freshly adhered bacterial cells in order to obtain a
representative D, which was reported as an average value with a standard
deviation. According to previous studies, bacterial inactivation occurs upon
long-time exposure to an anodic electric figB, 31]. To examine the extent

of bacterial cell inactivation, we employed a live/dead cell kit. The ratio of
PAOLl inactivation was below 10% for each experiment, in which the MSD
of more than 1,000 bacterial cells were measured at currents ranging from
zero to 3Ce A/ % Therefore, bacteriahactivation under an anodic electric

field had only a negligible effect on the motion of the larger bacterial
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community This low ratio of bacteal inactivation may be due to the
relatively short time of exposure to the electric figid]. In addition, the
effect on bacteria which were previously exposed to an electric field was
exanined. Adhered bacteria were completely eliminated from the flow
chamber followed by refilling with fresh bacterial solution. The same
experiments were then repeated and compared. The MSDs of the two
experiments were not so different that the adhered la®gposed to the
electric field could be used again. However, at high ionic strength (>30 mM),
the flow chamber was refilled with fresh bacterial solution for every
experiment to easily observe the fluorescence intensity of bacteria over long

periods of ime.

3.2.3. Additional data procesing on the bacterial motion

The motion of the bacterial community was quantifiedty method that
explained at the Sec.3.1.Zhe results were calculated by tracking the
centroids of bacteria cells, which are representedhbybrightest pixel of
each bacterium located near the cross point of the major and minor axes. The
translational motion of PAOLs, except for rotational motion, was captured

over a time period of 50 s. The number of bacteria adhered to the surface was

200 + 50/picture or (1.18+0.8)10"%cn?, which was kept constant for all
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experimentsThe MSD is the sum of square displacement, allowing better
evaluation of the real distance travelled by bactefiais value for an
individual cell was again averaged oveteast 1,000 bacteria.

Although all experiments were performed for 50 s, the MSD was obtainable
for Dt= 10 s in this study, since the MSD is normally obtainable for only 20
- 30% of the total measurement tifig8]. Total measurement time of 50 s
was necessary to increase the amount of data.

To better represent the characteristic motion of a bacterial cortyntina
normalized distribution of /MSD of bacterial cells was obtained by
dividing with the total number of bacteria & = 10 s. The Weibull

distribution funtion as expressed in equation {3wlas used to siulate the

normalized distribution ofyMSD of bacterial cell§85]:

o kal
SB: /30 = g g e oy
¢

where k is the shape parameter which express the shape of the distribution
function, and / is the scale parameter such that the larger the scale

parameter, the more spread out of the distriloutio
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3.2.4. Experimental setup for measuring viscoelagstity of

biofilms

Flow chamber used in this study is 21 flow cell (Bio Suface
Technologies, Bozeman, MT), which was used as an experimental reactor.
This flow cell was modified to capillary type-(hm wide, 1.5mm deep, 490
mm long) to prevent the bubble that might be created during flowing step.
Flow chamber was mounted ontoiaxerted fluorescent microscope ¢IXL,
Olympus, Tokyo, Japan), and connected to pressure sensor and flow meter.
This flow chamber is just used as a reactor, and the all experiment to
measure the viscoelastic moduli were processed undeflavorstate. At
first, celtHfree potassium phosphate buffer (20 mM, pH 7.1) was flowed for
30 min to stabilize inside flow chamber, and then the bacterial solution
cultured overnight was flowed for 10 min at ambient temperature to make

bacteria to adhere to the surfadée fluids were supplied at &,y Of

65.2 §' (flow rate = 2.2 mL/min) via a peristaltic pump (Gilson, Middleton,

WI) at adhesion step. Thé,,,.... Was calculated using the equatioB.2)

for rectangular flow dispicement system as described previo[&0}.

: __ X
Gatthewall = Z(ho /2)2 W, (32)

where Q(n7/ 9 is the volumetric flow rate,h, (m) is the height and
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w, (m) is the width of flow chamber.

Then, after stopping the flow, the flow chamber leaved for 4 h for bacteria
to attach stably to surface of cover glass. Subsequently, the adhering bacteria
was cultured inlbwing 1/1Gstrength Tryptic Soy Broth (Becton, Dickinson

and Company, USA) under varying, ,owai- 1N€ Gumewar OF triptic soy

broth solution during growth phase was controlled to characterize the
microstructure of bidim from 35.0 to 250.05(1.37 8.0 ml/min). In this
state, polystyrene fluorescent particles modified with carboxylate (Molecular
Probes, U.S.A) were flowed together. Fluorescence particles were provided
in dilute and welldispersed suspension statew@b6 solid in distilled water

and 2 mM azideith exciting wave length of 580 nm and emitting wave
length of 605 nmThe particles would be dispersed insides biofilm during
growth phases. After 24 h, the flow chamber was washed witkreell
potassium phsphate buffer to remove the freely suspending cells and
weakly adhering cells. The flow chamber was locked with nippers to
measure the Brownian motion of probe particles without the forced fi@w.

sampled the dynamics of probe particles inside biofilmnthefour different

regionsny §®B®0emm which were randomly sel

and at ages of 24 h. Weg8Getmhetdi Dhel n
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A, and the small spots within the A were defined Al, A2 and A3. This

definition using cajpal letters was applied to the other region, also.

3.2.5.Measurement 3D structure of biofilms using CLSM

Biofilms on this reactor after 24 h growth were observed via confocal laser
scanning microscope (CLSM, eclipse 90i, Nikon, Japan) with 10X objective.
The dotained 2D images were reconstructed intodop/n images utilizing

Imaris software (Bitplane, Switzerland) to show 3D structure.
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Figure 34. (a) The schematic of experimental setup for incubate biofilms
[30]. (b) The representativémages of the biofiimat (1.3 x 1.3mm) from
Confocal microsopeand (80 ¢ mx 80 € m observing viewfrom uplight

microscope
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3.3.Depleting attractive colloidal gels

3.3.1. Preparation of colloidal gels

Colloidal gels are made of poly(methyl methacrylate) (PMMA) spheres
(diameter2a = 900 nm + 6%) sterically stabilized withphenytdimethyl
siloxane[86, 87]. Fluorescent Nile Red is incorporated into the dispersion
polymerization for visuaation in confocal microscop{86]. We selecta
refractiveindex and density matched solvent (55/10f88% cyclohexyl
bromide/decalifdioctyl phthalate) to eliminate dispersion interactions and to
avoid sedimentation of the colloids. We add +{amisorbing polystyrene
(molecular weight = 900,000 g/makadius of gyratiorR; = 41 nm, overlap
concentration c* = 0.0053 g/ml) at a dilute concentration (c/c* = 0.375) to a
suspension of PMMA patrticles, creating gels with volume fradtien0.15
and short attractive range £ Ry/a = 0.09). Tetrabutylammonium chloride is
added at a concentration of 1 uM to provide charge screening (Debye length
~ 0.1@). To induce the colloids to do gelation, two kinds of conditions
should be satisfied. The one is strong and staorge attaction force, for
example by the steric stabilization, or van der Waals force, or depletion
attraction. The other is the modest electrostatic repulsions that is compatible
with gelation. In our study, we tested the gelation of colloids by controlling

concentration of depletion polymer, the size of particles, and the surface
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Figure 3.5.The synthesized PMMA particle obtained by SEM.
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Figure 3.6.Gelation, phase separation and interaction poterji64)s88]

44



of 4

= [
= -5 .
=  g* & e /c* = 0.30 ]
= 210 f m—/C* = 0.45 ]
mmuc/c* = (.60
_15 2 ia-a 1 1 1 [ PRl el et

1 1.01 1.02 1.03 1.04 1.05 1.06 1.07 1.08

r/2R @

PMMA in CHB/declain/dop, TBAC 2niv

10! ¢
10° = [
— o
AN C
E 101l !
L, 10" =
o
n B | ¢/c*=0.1875
=2 102k A clc*=0.375
E & clc*=0.45
I < * c/c*=0.55
:: $ gg:g v 2/2*:0.75
3 | ¥ % % 3883 ® Free particle new solvent
10 pO 000" . ||| © staticerror
10° 101 102

Dt [S] (b)
Figure 3.7.(a) The general curves of overall force for our system calculating
using the Asakurand Oosawa equation with different depleting polymer

concentration. (b) The MSD curves of colloidal gels with increased c/c*.
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charge of colloids, and ionic concentratidgising the classical Asakura
Oosawa approximation for depletion attraction and thka\a potential for

electrostatic repulsiof89, 90]:
Uatt(r) = - gaymer\/overlap (3.3)

_kTZ/, exptkt -R))
 (1+4RY r

Ucharge(r) (3.4)

.wherekg is the Boltzmann constant afdis the temperaturel (= 298K).

The general curves of overall force for our system by calculating using the
Asakura ad Oosawa equation are shown in Figurg 8/e estimate the net
inter-particle potetial, U, to be on the order ofiksT. Finally, kased on the

potental energy curve, we finthat our system have a chance to make the
gelstructureThi s type of weak depletion gel s
are 3kgT, Cl ar e 60 9=170keT] s & @eB are <lkgT]. We show
representative confocal images of gels as a junction of waiting time in Figure
3.8(a), along with dynamical measures of the gelation process in Figure 3.8(b)

and (c).

3.3.2.Static and dynamic error

Savin and Doyle have suggested #tatic and dynamic error in particle

tracking microrheology82]. In our experimental setup, we establisiteel
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Figure 3.8. (a) The 2D images (b) The MSD of quiescent colloidal gels as

increasing waiting time to create gel structure at c/c*=0.375.
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Figure 3.9. (a) van Hove correlatiofunction (b) nonGaussian parametef

quiescent colloidal gels as increasing waiting time to create gel structure at

¢/c*=0.375.
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static error, which sets the lower boundn the measurable localization
lengths,as following protocol of Savin andoyle [82]. The probe particles
aredispersed in thencured Sylgard 184 Silicone elastomer base and, added
the curing agent with mass ratio 10:1. The@, ¢ured at 80C oven making

the particles immobilized in the gelThe measured static error iat

<rmin( 9 = 3.20x10% ¢ rhas siown with dot line in Figure 3(B). The
dynamic error ishappened when the shutter speed of camera is not high
enough to capturéhe vigorous motion of particles, especiall{82]. We
confirmed that measurable variables are enough to observe the dynamics of

colloidal suspensions as shown in FigurEdgb).

3.3.3.Experimental setup and procedures

Quiescent gels are loaded onto a cushwiit shearing device that is
mounted directly onto a confocal lassranning microscope with a 100x, 1.4
numerical aperture oil immersion objecti@e shown in Figure 3[®1]. The
gels are allowed to rest for 2 hours in the shear cell, and a range of step
str ai n%80dsinduced at & shear rate of 40 The high shear rate is
chosen to avoid complications from shear banding. We verigy nbn
existence of shear banding by performing a steady state test on a

conventional rheometer as shown in Figud3Because of visiblback
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Figure 3.10. (a) The custorrbuilt shearing device to apply the shear stress to

the colloidal g&d. (b) the scheme of the experimental setup.
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