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viscoelastic modulus matched the theoretical predictions as shown in Figure 1.7(b).
The study also related the transition of a hierarchy of molecular relaxation regimes as

shown in Figure 1.7(b).
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(a)

(b)

Figure 1.7. A DLS system for studying molecular relaxations of unentangled solutions of DNA [48].
(a) The study workflow using a commercial DLS system. Brownian motion of the tracer particles
produced fluctuations in scattering intensity. The autocorrelation of the intensity is analysed by the
custom software to extract the mean squared displacement of particles, which was used to determine
the frequency-dependent linear viscoelastic shear modulus G*(®). (b) The result storage G’ and loss
G"” moduli with approximation of internal chain relaxation regimes A, B, and C. The dotted and solid

lines indicate the theoretical predictions for G’ and G”, respectively.
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1.1.2. Diffusive wave scattering

Sample cell thickness
L
Dense probe particles <«————— Transport mean free path ﬁ

\ — I* Computer

\ /] i
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Figure 1.8. A diffusing wave spectroscopy configuration (inspired by [22]).

Diffusive wave scattering (DWS) is a new development adapted from DLS to solve
strong multiple scattering of light in a turbid media. A laser beam is shone through a
sample which contains probe particles. This system collects multiple scattering light
from dense probe particles [49]. As a result, the optical configuration is complex due
to it has many optical elements as shown in Figure 1.8. In addition, knowledge of path
length distribution is crucial to calculate the correlation function of DWS [50]-[52].

This is because, the correlation function is depended on the sample thickness L and

L/1*+4/3
a*+2/3

£x2)sinh[Ex] +2 2
(1+9x )smh[l*x +3x cosh X

(sinh[a*x]+§x cosh[a*x])

the mean free path of light [*as g?(t) = 1 +

where x = [K3(Ar2(t))]V/?, a* = j—f, Zoy is the distance into the sample from the
incident surface to the place where diffuse source is located, and k, is the incident

wave vector [53], [54]. In addition, the criteria of L > [* of the DWS configuration

must be fulfilled for the correlation to be valid [49].

In a rheological study, DWS has been demonstrated for investigating rheological
properties in human synovial fluid from patients suffering from joint diseases of

osteoarthritis (OA), rheumatoid arthritis (RA), and gouty arthritis (GA) [55]. The
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study also observed the obtained viscoelastic modulus with the white blood cell count
from the patients. From the results, the study found that the white blood cell count
exhibited an inversely proportional to both loss ¢” and storage G’ moduli. In addition,

the average value of G” and G’ followed an order of OA > RA > GA as illustrated in

Figure 1.9.
Elastic modulus
1000
o ee
o o
100 o .~
»a . - .‘ =]
)
S 1 o e m¥ a
&} ® e
o
@ 0A(N=31) m 8
1 ERA (N=13) A Ay
AGA (N=5)
0.1
1 10 100 1000 10000 100000
WBCs/mm?
(a)
Viscous modulus
1000
° o
B 8
o | O °Qo°0°%°° [ g
—_ o) g o
gj o o o
> 10 ° O o [ » ]
s o0
&) n0D R
©QO0A (N=31) A
1 A
ORA (N=13)
AGA (N=5)
0.1
1 10 100 1000 10000 100000
WBCs/mm?
(b)

Figure 1.9. (a) Storage (Elastic) modulus. (b) loss (viscous) modulus (both at 1 Hz) of synovial fluids

(at 27 °C) from 49 arthritis patients versus their white blood cell (WBC) count [55].
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1.1.3. Laser speckle rheology

Laser speckle is an intensity pattern arising from coherent light interference between
the light source and the light scattered by a specimen. Laser speckle rheology expands
the applicability of DWS to study elasticity and viscosity in tissues by analysing the
speckle pattern [16], with sensitivity to Brownian motion [56]. As a result, passive
microrheology can be studied by this approach. In a demonstration, a laser speckle
rheology system can evaluate a patient’s coagulation status [57]. The device
illuminated a blood sample with 690 nm laser spot, creating temporal speckle intensity

fluctuation, backscattered on a high-speed camera as illustrated in Figure 1.10.

DL: Diode Laser (690 nm)
P1, P2: Polarizer
L1,L2: Lens

BS: Beam Splitter
CM: CMOS Camera
IC: Imaging Chamber
HP: Heat Plate

Figure 1.10. A Laser speckle rheology configuration (Image taken from [58]).

Time series of fluctuations were captured, and the autocorrelation calculated. The
speckle patterns were analysed to infer blood clotting time and maximum clot stiffness
in real-time. In this measurement, the result reflected a close correlation with reference

standard (aPPT and PT). However, the proposed system was complex due to it
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consisting of many optical elements. A speckle autocorrelation time constant, T
(primary y-axis), and the viscoelastic modulus |G*(w)|of w = 1 Hz (secondary y-axis)
were plotted as a function of coagulation time for a human blood sample. Similar trends
were observed for both the T, and |G*| curves during coagulation. In each case,
the average value of the three LSR t-measurements is plotted and the error bars

depict standard deviations.
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Figure 1.11. (A) intensity correlation ¢*(7) measured at 0, 6, 10, and 12 minutes during coagulation
process from a Human blood sample. It was observed that ¢?(7) decay slowed down as blood
coagulation progressed. Slower ¢?(7) decay and the corresponding increase in autocorrelation
time constant (7) indicated an increase in clot viscoelastic modulus during coagulation
process. (B) Autocorrelation time constant, (7) (primary y-axis), and the viscoelastic modulus
|G¥(w)| at @ = 1 Hz (secondary y-axis) plotted as a function of coagulation time for a human blood
sample. Similar trends were observed for both the 7, and |G* curves during coagulation. In each
case, the average value of the three LSR t-measurements is plotted and the error bars depict

standard deviations [57].

1.2. Differential Dynamic microscopy

In microrheological study, scattering and microscopy have become two well-known and
distinct tools to investigate and analyse colloidal dynamics. Microscopy, such as video
particle tracking, provides direct access to the motion of individual heterogeneous
particles from visualised images in two-dimensional manner. Alternatively, scattering
monitors average intensity fluctuations and can approach larger sample quantities in

a scattering volume [59].
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Integration of microscopy and dynamic light scattering (DLS) have been developed, in
particular in biological experiments i.e. red blood cell membranes [15], and a living cell
system [62]. In the membrane study [15], the red blood cells were immobilised on a
glass slide using polylysine hydrobromide with conjugated micro-particles on their
membranes. Rheological properties of the membrane were obtained using DLS principle
with the Brownian particles that conjugated on the membrane. In the same manner,
the integrated microscope with DLS was used for investigating of motility in living
macrophage cells [62]. The device imaged the cell at a few thousand frame per second
and created a motility map of the cell regarding to the intensity correlation calculated
by the DLS principle. The result of this study found that most of motion occurred in
the outer region than its centre interior of the cell. However, difficulty of modifications

and optical alignments has restricted to capability to build instruments outside of the

laboratory.
(a) DDM (b) DDM scattering
geometry
,,,,,,,,,,,,,, (}
- CI ’/

Figure 1.12. A DDM configuration used in [38]. (a) Light passthrough a sample is scattered at various
angles and is collected by objective lens. Two-dimensional microscope images of the sample are
Fourier analysed and information equivalent to Dynamic light scattering (DLS) is recovered. (b)
DDM scattering geometry. i(i is an incident light, i(s is a scattered light at scattering angle of €. In

DDM, scattering wave vector Q is approximated using § ~ Q@ for small scattering angle [36]. [61]

DDM is a relatively new approach to study the dynamics. It has equivalent result of
both VPT and DLS combined [38], [62]. The DDM set-up consists of a standard light

microscope equipped with a digital video camera with a high frame rate as shown in
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Figure 1.12. Close proximity of detector-to-sample is a requirement in which correlation
properties of the scattered light are free from the distance to sample. Although the
partially coherent illumination source and out-of-focus image acquisition bring
difficulties to the system, the result strongly agrees with gold standard methods [36].
For this reason, DDM is a flexible and reliable tool for the investigation of dynamic

phenomena.

Current DDM techniques are based on a bench-top microscope resulting bulky imaging
system. These systems use costly lenses and costly high-speed video acquisition
systems for data acquisition. In addition, preinstalled light sources and optical filters
inevitably limit available wavelengths for rheological measurement in some biological
samples i.e. human whole blood. This would lead to additional costs to the system
and bring more difficulty of implementation to developing countries. In this thesis, a
portable DDM-based system is proposed for quantitative measuring of rheological

behaviour in biological fluids.

1.3. Aims

The main aim of this thesis is to develop a portable microscopy-based system to
measure viscoelastic behaviours of biological fluids particularly in Human whole blood
samples in small volumes. In addition, the device should be able to evaluate steady-
shear viscosity of the biological samples to provide valuable information for rheological

study.

1.4. Objectives

In this thesis, a portable differential dynamic microscopy prototype is proposed for
measuring viscoelastic properties of biological fluids. The objectives of the PhD are as

follows:
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1. To design and build a portable differential dynamic microscopy prototype;

2. To develop an image-based algorithm for quantitatively estimating
viscoelastic modulus of biological fluids;

3. To validate the approach in a range of biofluids of interest, benchmarked

with established rheometers.

1.5. Thesis outline

This thesis is organised in seven chapters as followed:

Chapter 2: shows fundamental principle of rheology, differential dynamic algorithm
(DDA), and how to obtain rheological properties from the DDA. In addition, this
thesis extends capability of the DDM to estimate particle size distribution of colloidal
particles using non-negative least square (NNLS) method which is also described in

this chapter.

Chapter 3: provides information of material and methods used in this thesis.
Furthermore, the chapter describes a development of proposed DDM-based device
for obtaining rheological properties of biological samples. This includes the
development of in-house microchamber which can hold small sample volumes and

prevents sample evaporation.

Chapter 4: presents rheological parameters obtained by proposed device from

measuring standard materials.

Chapter 5: demonstrates particle size distribution of mono and polydisperse

colloidal particles obtained by proposed device.
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Chapter 6: shows rheological assessments of biological samples including human

whole blood, blood plasma, and saliva.

Chapter 7: summarises and discusses the main findings and provides a perspective

for advancement of proposed device for the future work.
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Chapter 2

Background

Optical microrheological approaches in both of light scattering and imaging based
have gained increasing attention over the last decades [63]. These rheological
characterisation tools have been demonstrated for a wide range of fluids such as
investigation of molecular relaxation of DNA solutions [48] and study of the role of
lubricin in synovial fluid rheology [43]. A notable advantage of these approaches is
that they requires small sample volume which allow for rheological investigation in
biological samples [22], [64]. Optical microrheology uses probe particles to measure
their movements and infer the corresponding rheological behaviour of materials of
interest. In the imaging approach, video particle tracking is an example of a device
for monitoring the movements of these particles as discussed in Chapter 1. This
approach relies upon the resolving power of the microscope used in the experiment for
monitoring micron-sized probe particles. In addition, the speed of the tracking
algorithm should be fast enough to track multiple moving particles leading to a need

of high power computer.

In contrast, Light scattering obtains thermally-driven displacement of probe particles
by calculation of intensity autocorrelation which consumes less computing power. DLS
is an example of most commonly used light scattering instrument that can reveal
rheological responses of the fluid of interest from determining of the displacement [65].

In DLS, autocorrelation of scattered light intensities at a certain angle is calculated
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to recover intermediate scattering function which is related to displacement of the
probe particles. In analogous to the DLS, differential dynamic microscopy (DDM) is
a relatively new approach that can obtain the intermediate light scattering function
[36]. However, the DDM Fourier analyses microscopic images in order to obtain
scattering information [36], [66]. This Chapter starts by exploring and highlighting
analytical methods to evaluate steady-shear viscosity of a fluid using our developed
DDM-based device. This includes an implemented technique for estimating particle

size distribution of colloidal particles in an interesting colloidal suspension.

In brief, our developed device implements DDM method that can perform light
scattering experiment with Fourier analysis of a collection of microscopic images. The
DDM can recover the intermediate light scattering function to obtain the displacement
of probe particles that employed in the fluid of interest [67], [68]. This displacement

can reveal rheological behaviours of a fluid of interest using passive rheology.

In passive rheology, microparticles are in a micro volume of the fluid as a probe
particle. These particles are randomly relocated by collision with surrounding
molecules called Brownian motion. When the particle is in Brownian equilibrium, the
motions of these particles are monitored and recorded. To determine rheological
responses of the suspension, the motion is performed by the Generalised Stokes-
Einstein Relation (GSER). However, performing the GSER calculation can introduce
numerical artefacts at high frequencies of the measurement [69], [70]. Thus, a direct
numerical conversion can instead be implemented to eliminate such artefacts in the
obtained rheological measurement. This resulting rheological measurement can then

be used to evaluate complex viscosity of the fluid.

Notwithstanding this, steady-shear viscosity is the most-commonly used viscosity
measurement in most of rheological studies. To comply with this observation, the Cox-

Merz rule [71] was performed on the obtained complex viscosity to estimate the
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corresponding steady-shear viscosity of the fluid. Thus, the rheological measurement
evaluated by our device can be compared directly with the result from previous

complementary studies [72], [73].

2.1 Rheology

Rheology is the study of how material flow and deform in response to the applied
forces or stresses to the material [74]. The change in the material properties that are
caused by the applied forces are called rheological properties [75]. When a stress is
applied to a fluid element, the responding deformation is illustrated in Figure 2.1.

A

L v(h h

— X —

Figure 2.1. A fluid element representation of simple shear flow.

An applied force, F, causes to the fluid moved at velocity ,v, results in a
displacement, x, within the top plate to the fluid. The force, F, transmitted to cross-
sectional area A that parallel to the force is defined by a stress, T, which is shown in

Equation (2.1).

. zg (2.1)

The deformation, or shear strain, y, is defined as a ratio of the displacement, x, to the

thickness of the fluid, h. Rate of deformation, y = Z—)t/, or shear rate, is related to the

resistance to the flow, or viscosity, n, which is described by T = ny [76].
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In static experiments, performing strain measurements as a function of time is not
easy to implement, as the unit step function of the applied stress must be precisely
controlled [77]. In addition, the strain measurement within a short time regime is not
reliable if the unit step function is not exact [77]. In contrast to static experiments,
oscillatory shear stimulation are easier to generate [77]. The corresponding shear
harmonic motion to the applied small amplitude oscillatory shear is shown in Equation

(2.2), [32], [33], [78]:

y(®) = yo(w)sin(wt) (2.2)

where y(t) is the strain at time, t, y,(w) represents the amplitude of the strain,

and w is the angular frequency.

2.1.1 Hookean solid

For metals and elastic materials, the stress is proportionally related to the deformation

described by Hooke’s law of elasticity as shown Equation (2.3), [32], [33], [78]:

T(t) = Gy (1) (2.3)

where G is a time-independent elastic constant proportional to the Young’s modulus

of the material [32], [33].

For oscillatory shear, the Equation (2.3) can be represented by Equation (2.4), [32],

33], [78):

7() = Gyo(@)sin(wt) (2.4)
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2.1.2 Newtonian fluid

Newtonian fluids obey the Newton’s law of viscosity [79]. When applied a shear stress
to a Newtonian fluid, the corresponding deviation, or strain, of the fluid is

characterised by a linear relationship as shown by the Equation (2.5), [78]:

d
o) =15 (25)

When substituting the strain from Equation (2.2) into Equation (2.5), Equation (2.5)

becomes

dyosin(wt)

T(t) = n——"F— = nwyo(w)cos(wt) (2.6)

Using trigonometry, cos(wt) is equivalent to sin (a)t + §)> thus, the oscillatory shear

of Newtonian fluid is described by Equation (2.7), [78]:
T
7(t) = nwyy(w)sin (wt + E) (2.7)

Accordingly, the stress oscillates at the same frequency of applied strain. However,

the stress lags the strain by g for Newtonian fluid as indicated in Equation (2.7).

2.1.3 Viscoelastic material

Mechanical responses of viscoelastic material lie in between those of a Hookean solid
and Newtonian fluid [74], [78]. A harmonic stress imposes to the viscoelastic material

that can be generalised by Equation (2.8)[74], [78].
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T(t) = 1osin(wt + 6) (2.8)

Where 6 represents phase angle in which 8 = 0 for Hookean solid and 6 =§ for

Newtonian fluid. For the sine angle addition sin(wt + 8), the Equation (2.8) becomes

T(t) = 19cos(0)sin(wt) + 1,sin(6)cos(wt) (2.9)

Dividing stress of Equation (2.9) [78] by strain of Equation (2.2) yields the storage
and loss modulus noted by G' and G", respectively, each defined by Equation (2.10)

and (2.11) respectively [32], [33], [74], [78].

ro_to 2.10
G V(@) cos(0) ( )
w__To . 2.11
G V(@) sin(0) ( )

Thus, Equation (2.9) can be rewritten as shown in Equation (2.12) [74], [78].

7(t) = yo(w)(G'sin(wt) + G" cos(wt)) (2.12)

It is usually convenient to express the sinusoidally varying stress as a complex

quantity as shown in Equation (2.13), [80]:

G* =G +iG" (2.13)

Where G* is complex modulus.

An alternative representation is as the complex viscosity n* = n' + in"" where n’ and

n'’ represent elastic and viscous components, respectively [76], [79]. The complex
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viscosity n* as a function of angular frequency is related to the complex modulus G*

via n*(w) = %

2.2 Differential Dynamic Analysis (DDA)

DDM, as recently proposed by Cerbino and Trappe [35] has been used to quantify
dynamics of colloidal particles. It is a class of Fourier microscopy that analyses light
scattering fluctuation of the particles. Typically, monodisperse spherical particles are
added to a sample fluid. Light scattering of these particles, where thermal energy
generate random movements, can be observed under a microscope. A DDA is

performed to access dynamic of these particles.

In DDA principle, a sequence of light fluctuated images are acquired from a microscope
to analyse dynamical measurements. It has been noted that if the average of the
sequence does not change in time, and that the fluctuation can be determined by
averaging many frames and subtracted to an individual frame [36]. The individual
image of the sequence is described by its intensity I(x,y,d) of the position (x,y) at
acquired time §. From this description, the image fluctuation can be calculated at

time delay or lag time t by image difference Equation (2.14), [36].
Al(x,y,8,t) =1(x,y,8 +t) — I(x,y,6) (2.14)

where t is a fixed lag time, and I(x,y, §) is the intensity at pixel position (x,y)

from acquired time §.

From Equation (2.14), the subtraction of two adjacency lag time images eliminates
time-independent artefacts such as contamination/dust on the slide or the microscope

lenses, or any static objects in the imaging plane. As a result, intensity signals are
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entirely a consequence of the movement of particles, in which dynamic properties
depend only upon the lag time, t, with the expectation value, (I(x,y, §)), being equal

to zero [36].

Acquiring a time sequence of images allows analysis of image correlation function,
G(q,t), as the product between conjugate of the image in Fourier space at time
6,1I"(q,t), and the image in Fourier space at time & +t, I(q,8 +t). The image

correlation function is shown in Equation (2.15), [36].

G(q,t) =(I"(q,t) - 1(q,6 +t)) (2.15)

where 1(q,t) is the Fourier transform of the image I(x,y) at acquired time t,

and I*(q, t) is the conjugate of I(q,t)

From Equation (2.15), the function can be normalised (as an autocorrelation function)

by division with the square norm of 1(q, t), as presented in Equation (2.16), [81].

G(q,t)

920 = {11, O)P) (216)

where G(q,t) is the image correlation function at acquired time, t.

Statistical analysis of the stationary differences of intensity fluctuations describes
dynamic of the sample [82]. According to previous research works [13], [36], [38], [83],
the expected value of two-dimensional Fourier power spectrum yield an image
structuring functions S(q,t). Such a statistical estimator of the Fourier power

spectrum are defined in equation (2.17), [81].



26

S(q,t) = (|AI(q, £)|?) (2.17)
= (|Igsse — Iqs|")

= <|I(i6+t — 2 Igs4eIgs + 1§,5|>

Using cross-correlation theorem [84], convolution in Fourier space (Iqs4t " Iqs) is
identical to Ig sy * Iqs- Thus, the image structuring function S(q, t) becomes Equation

(2.18), [81].

S(q,t) = <|1§,5+t =2 IgseeIgs + 15,6|>

. (2.18)
zzdhﬂﬁ(1—ﬂﬁ—ﬁ§2>
<|Iq,6| )

From Equation (2.18), the image structuring function S(q,t) is expressed in simple
form as shown in Equation (2.19) [35], [36], [38], which also contains an expression for

added noise contributions from the camera, B(q), e.g. camera read-out noise.

S(q,t) = A(Q[1 — gop] + B(Q) (2.19)

where A(q) =2 (|Iq_5|2) which depends on imaging system [35], [66], B(q) accounts

for noise of the imaging system, and g,p is the autocorrelation function.

The image structuring function does not directly obtain autocorrelation function.

Instead, it needs to evaluate A(q) and B(q) to yield the autocorrelation.

Thus there are two different scheme to estimate A(q) and B(q) [38], accordingly. In
scheme 1, A(q) and B(q) can be treated as adjusting parameters, whilst in scheme 2,
A(q) and B(q) are measured independently. At short time intervals, in which g,, =

1 and S(q,t - 0) = B(q). Similarly, at long time intervals, g,, =0, S(q,t - ©) =
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A(q) + B(q). Accordingly, the autocorrelation g,p is evaluated by substituting A(q)
and B(q) which can be obtained from either scheme. At this point, it should be stated
that only scheme 1 was implemented in this thesis, due to the difficultly in measuring
long enough lag times t for g,p = 0 in the scheme 2. The DDA scheme can be

visualised in Figure 2.2.
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Figure 2.2. Schematic showing the work flow of Differential Dynamic Analysis (DDA).

2.3 Passive Rheology

Conventional rheometry measures samples with large quantities, > 1 mL of sample
using mechanical measurements [22], [64]. In contrast, DDM can characterise the
dynamics of colloidal suspension using microliters sample volume via passive rheology
[22], [64]. This small sample volume requirement is of particular benefit to rheological
inspection of rare or costly materials in which it is hard to synthesize and obtain the
necessary volumes for traditional analysis. In addition, the low inertia of probe

particles allows measurement of a high frequency response of materials [22], [64].

Typically, passive rheology usually refers to Brownian motion of particles [85]. It is
based on entirely thermal energy kgT to create dynamic measurements, where
particles experience forces which arise from molecules surrounding them. Changes in
the position/location of these particles due to these forces can be monitored. The

GSER [86] provides a method to quantify particle displacement, thermal energy and
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the viscoelastic behaviour of the fluid. This Section now provides a fundamental
understanding of rheological measurement which depends upon the fluid properties,
which can be either Newtonian and non-Newtonian fluids. In addition, the method to

quantify dynamics of colloidal particles using DDM is also described.

2.3.1 Brownian motion

Brownian motion is explained by the random thermal collision of suspending medium
molecules that act onto a particle [87]. As a consequence, the particle moves
diffusively. In macroscopic view, this suspension is at an equilibrium state, where the
medium does not move. For this reason, time-averaging of the total force applied to
the particles will be zero. However, the average distance from any initial position of a

particle increases with time.

Gravity also pays a negligible contribution to the motion of particle [38] (when
gravitation forces dominate the Brownian motion, the particle will rapidly sediment).
To ensure that such a particle is in Brownian motion, thermal energies (kgT) must

dominate gravity force in which KzT > gna3Apgh [88]. This circumstance can also be
characterised by Péclet number ( Pe ) where Pe = gnae’Apgh /KsT [89], a

dimensionless value relating the ratio of convective to diffusive movement. For non-
interacting particles, a high concentration of the colloidal particles setting leads to
collision among the suspended particles. That is, the particles are likely to move in a
confined area resulting underestimate diffusion coefficient and lead to overestimate
the fluid viscosity. However, this problem can be simply tackled by diluting the
particles. In addition, hydrodynamic interaction with the wall and surface also shows
a decreasing diffusion coefficient as the particles moving in a confined geometries [90]
and small sample volume [91], [92]. The motion of particles proximity to a wall is slow
down caused by so-called wall drag effect [93]. To minimise this contribution, field-of-

view of the device should be away from the surfaces of sample container.
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In detail, the analysis of particle motions will rely upon their MSD instead of their
average distance [94], as the diffusion effect of Brownian motion is related to
probability distribution of the movements [95]. Einstein and Smoluchowski
independently related the MSD (Ar?(t)) of the colloidal particles to the time, t [87].

The result relationship leads to diffusion coefficient in Equation (2.20), [96].

lim (Ar2(£)) = 24Dt (2.20)

where d is the dimension of displacement, D is a Einstein-Smoluchowski diffusivity,

and Ar2(t) is the mean square displacement at specified time, t.

Sutherland [28] later related the diffusion coefficient to thermal energy and frictional

coefficient as shown in Equation (2.21).

kT

fdrag

(2.21)

where kg is the Boltzmann’s constant, T is the absolute temperature, and f4,.q4 is

the drag force of particles.

When a colloidal probe particle is a perfect sphere, the frictional coefficient is given
by farag = 6mnr which also known as Stokes drag [76], where r is the average radius
of colloidal particles. As a result, the diffusion coefficient is defined by equation
(2.22) [35], [36].

kT

D = (2.22)
é6mnr
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2.3.2 DDM and Stokes-Einstein relation

Intensity fluctuations of suspended particles during Brownian motion are represented
by a dynamic. For quantitative characterisation of DDM, these fluctuations are
themselves related to exponential decay of the autocorrelation function, g,p .
Regarding to image structuring function (2.19), the autocorrelation g, of spherical

Brownian particles is given by Equation (2.23) [35], [38], [97].

Gp = e(;—:) (2.23)

where 7, = D_qu is the characteristic diffusion time [35], and q is the wave vector
The average Fourier spectrum from Equation (2.21) represents the autocorrelation
function of Brownian motion. However, the resulting averaging value also includes the
terms A(q) and B(q), see Equation (2.19). To achieve the autocorrelation function,
A(q) and B(q) are required and they can be evaluated from the two schemes, as

described above, Section 2.2.

Another representation of the characteristic diffusion time, 7, can be given by

applying a logarithm to both side of the above equation, where 7, = D_qu is shown in

Equation (2.24).

logt, = —2logq — logD (2.24)

From the Equation (2.24), the diffusion coefficient of suspended particles can be

obtained by determining y-intercept of the plot between log 7, and loggq.
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2.4 Measurement of viscoelastic moduli

Evaluation of the mean square displacement of Brownian motion is necessary for
obtaining fluid viscoelasticity. Given that the GSER relates displacement to the
viscoelasticity, as indicated in Equation (2.27), the mean square displacement for a
typical DDM system can be readily obtained by [25], [98]. Due to modification of the
autocorrelation function, the calculation of mean square displacement can be

determined by the following procedure:

1. substitute 7, = D_qu and the autocorrelation function g,, can be rearranged in
the form as shown in the Equation (2.25) [25], [98].
—(ar?(0)q? (2.25)

gop =€ 4

2. To obtain the mean square displacement, Equation (2.25) is substituted into
Equation (2.19). Thus, the formation of the mean square displacement becomes

(2.26) [25], [98].

2 _ —4 D(q' T) - B(q) )
(Ar2 (D)) = ?<ln <1 — A )) (2.26)

3. Viscoelasticity can thus be determined using Mason method, as shown in the

Equation (2.27), [86].

24.1 Generalised Stokes-Einstein Relation (GSER)

The Stokes component of the Stokes-Einstein relation is valid only for Newtonian
fluids. However, Mason and Weitz [51] used the Langevin Equation to theoretically
and experimentally generalise Stokes-Einstein Relation, to describe non-Newtonian

fluids. By establishing the relationship between ensemble-average displacement of
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particles they described the macroscopic viscoelastic response of such a fluid.
Nevertheless, this equation is based under the assumption that a complex fluid is
considered as a continuum around particles. This relation provides accessibility to

viscoelastic modulus G*(w) of the fluid and lead to modern rheology study [28].

Typically, the GSER has several advantages when compared to conventional method.
First, there is no external forces applied. The thermal energy kzT of Brownian motion
is embedded as colloidal or tracer probes randomly move. Furthermore, as the mass
of probe particles are very small, their inertia can be negligible [28], [99], such that
the viscoelasticity of the fluid can be measured [100] at high frequencies, up to 100
kHz (measurements which would require large force and torques in conventional
methods [101]). A further advantage is that the results can be correlated with
conventional bulk measurement approaches whilst only requiring microlitres of sample
volume. Last but not least, this technique has the advantage that it can also be applied

to living cells whereas there no current, similar approaches available [102].

Viscoelasticity is a property of material which comprises both elasticity and viscosity.
When stresses have been applied to viscoelastic material, the material deformed,
although, it returns to its original state when the stresses are released. In the GSER,

the complex viscoelastic modulus G*(w) can be obtained by Equation (2.27), [86].

kB'T

m-a-(ar(Yo) T (1+a(Yw))

G'(w) =

(2.27)

where a(l/ w) is the log-log slope of MSD at t = 1/ w> @ is the average radius of
colloidal particles, I'(.) is the gamma function [86] and w is the measuring angular

frequency.
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Typically, the viscoelastic modulus exhibits both of storage modulus G'(w) and loss
modulus G""(w). The real (G’(a))) and imaginary (G”(w)) parts of viscoelastic
modulus G*(w) represent the solid-like and liquid-like behaviour of the medium
respectively [76]. When a material is purely solid, its loss modulus G"'(w) = 0. In the
same manner, the storage modulus of a material G'(w) = 0, if such material is purely

liquid. These two moduli can be defined as Equations (2.28) and (2.29) respectively,

36).
G'(w) =G (w) - cos <L(a))>
2 (2.28)
6" (w) = G*(w) - sin <%(‘”)> (2.29)
2.4.2 A direct conversion method

Viscoelastic behaviour conversion using the GSER has been reported for numerical
artefacts at high frequencies [103] as it has a two-step numerical conversion [69], [70].
This method is however reported to underestimate loss modulus [77]. A direct
conversion method proposed by Evans et al [69], [70] provides an alternative approach
to eliminate such numerical artefacts at high frequencies. This approach directly
converts creep compliance J(t) into viscoelastic modulus G*(w) but data interpolation
and extrapolation of the mean square displacement (Ar2(t)) is necessary. The

approach is defined by Equation (2.30), [40].

- —iwty
G*lzuw) = iw](0) + (1 — e~i@tr). (L t{(O)) N e :
(=) (2.30)
k —Jk-1 ot ity
#Q (g, (e m e

Where J(&) = (Ar?(b)) -;—:T, [104].
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2.5 Evaluation of steady-shear viscosity

Viscosity is an important physical property of fluids to characterise its resistance to
deformation in flow. In oscillatory shear experiment, complex viscosity can be

obtained via n*(w) = SO compare oscillatory and shear flow measurements, the

Lw

complex viscosity can be converted to steady-shear viscosity using Cox-Merz rule [71],
as an empirical relationship which relates the steady state shear viscosity of shear
rate, n(y), and the complex viscosity of angular frequency, |n*(w)|, as shown in

Equation (2.31) [105].

n) =In"(w)lfory=w (2.31)

2.6 Particle size distribution

In addition to viscoelasticity measurements, particle size distribution can be obtained
using the developed device, see later. According to Equation (2.19), the
autocorrelation of monodisperse particle suspended in a liquid can be modelled by a
single exponential decay. When two or more particle populations are mixed, the

resulting decay is an average form of each decays of the populations composition.

Thus, the typical analysis of single decay by DDA Equation (2.19) cannot be
decomposed. Although, analytical methods have been developed to decompose the
composite decay and then convert to particle size distribution information, these are
time-consuming. In this research, we propose to use the nonnegativity least square
(NNLS) method [106] to obtain the particle size distribution. The particle size cannot
be negative from the constrained treatment in the NNLS, providing a method with

reduced computational time to retrieve the particle size distribution [107], [108].
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In short, monodisperse solutions generate a single exponential decay which is described

-t
by e*. A summation of single exponential decays can be represented in polydisperse

solution. If, weights, w, are subsequently added to the decays to represent amount of
particles. The final form of polydisperse particle is represented in Equation (2.32),

[109].

-t -t -t
9op = WoeTO + Wle":1 + “'Wnetn

n
Z -t
= Wl'eTi

i=0

(2.32)

Unlike DLS system, the multi scattering wave vector q is recorded by our proposed
DDM system. These wave vectors can be regarded as angle parameters which are
shown in the Equation (2.33). To achieve optimal value of Y, iterative calculation is

required under min|Y — ¢X|? criteria, where X > 0 [110], [111].

Y ¢11 ¢1n X1
Yz — $21 " Pan X‘z (2.33)
Y3 d)ml ¢mn Xm

—tm

Where ¢, = € ™, m is the total number of measurements, n is the total

characteristic time collected from DDM device , and Y is the result distribution
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Chapter 3

Material and Methods

Rheological properties provide insights to mechanical behaviours and responses
following an applied stress to the material [112]. In this thesis, a DDM-based device
was developed and realised as a portable microscale rheological device to characterise
rheological behaviour of the fluids. This approach probes the movement of
microparticles to infer the fluids’ rheological behaviours. Thus, both size and
concentration of the probe particles are crucial for the device to perform the rheological
measurement. To determine this limitation, sizes and concentration of the probe
particles that can be used with the device are studied in this Chapter. In addition,
material and methods used in the experiments throughout this thesis are also given.
This includes the development and characterisation of the developed portable device
for evaluation of viscoelastic behaviour of biological materials e.g. human whole blood

and human saliva (described in detail in Chapter 6).

3.1 Materials

3.1.1 Newtonian fluids

Deionised water and stock solution of Glycerol (G9012-500ML, >= 99.5%, Sigma-
Aldrich Corp.) were used for preparation of glycerol-water mixtures from glycerol

content of 0, 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 percent by weight. A Bovine
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Serum Albumin (BSA) solution was prepared by diluting 80 mg of BSA powder
(A9085-25G, Sigma-Aldrich Corp.) with 1 mL of deionised water. For blood plasma
preparation, whole blood sample (Cambridge Bioscience) was centrifuged at 1.5 g for
10 min. For purification, the supernatant was transferred to an Eppendorf tube. The
tube was re-centrifuged at the same configuration and the supernatant was kept in a

4°C fridge, prior to measurement.

3.1.2  Viscoelastic liquid

Polyethylene oxide (PEO) solutions of 1%, 2%, and 5% by weight were prepared by
diluting PEO powder (181994-250G, Mw 200,000, Aldrich) with deionised water.
Whole blood samples were obtained from commercially source (Cambridge Bioscience,
screened samples) and Queen Elizabeth University Hospital, Glasgow (Strokes
patients, Unscreened samples). Human whole saliva was obtained from a commercially

available source (Bio IVT Inc.). Both whole blood and saliva sample were stored in 4

°C fridge.

3.1.3 Probe particles

Stock solutions of polystyrene microparticle (Bangs laboratories and Polysciences Inc.)
sizes of 0.15, 0.21, 0.29, 0.35, 0.52, 1.00, 1.54, and 2.10 um were diluted by 10° times
with a sample fluid prior to measurement. The specification of stock solutions of the

polystyrene microparticles in the experiment are indicated in Table 3.1.
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Table 3.1 Specification of probe particles used in the experiment

Diameter Weight Density Original concentration Company

(nm) (g/ml) (g/cm?®) (x10™ particles/ml)

0.15 0.01 538.93 Bangs Laboratories, Inc.
0.21 0.01 202.41

0.29 0.01 1.05

0.35 0.01 1.05 43.16 Polysciences, Inc.

1.00 0.03 4.73

1.54 0.03 1.39

2.10 0.03 0.53

3.2 Sample container

In this work, Brownian motion of embedded microparticles were monitored via passive
rheology approach. Sample evaporation, which is affected to equilibrium of the motion,
inevitably influenced the measurement result. To prevent this , the sample were tested

in an enclosed container which was produced using a glass slide as indicated in Section

3.2.1.

3.2.1 In-house microchamber

An in-house microchamber was made of double-sided tape (260 um thickness) and a
glass slide. For the glass slide, a cleaning process was necessary to remove dust
particles, impurities and contamination on the glass surface, involving sonication of
the slide filled with acetone for 5 minutes. Then, the slide was washed using methanol
and blow-dry with nitrogen. Finally, the slide is put in oxygen plasma asher to remove
organic contamination on the glass surface for one minute. Following this, the tape

was punched to form a diameter of 6.0 mm hole, and placed on a glass slide to create



