. MONASH University

Interfacial Flows in Drying Blood
Droplets and Paper-Based Diagnostics

A thesis submitted for the degree of
Doctor of Philosophy

by
Michael J. Hertaeg

Supervised by Prof. Gil Garnier and Assoc Prof. Rico Tabor

Department of Chemical Engineering
Faculty of Engineering

August 2020



PREFACE

i

"From my earliest recollection I have had an irresistible liking for
mechanics and the physical laws on which mechanics as a science s
based..., my attention drawn to various mechanical phenomena for the
explanation of which I discovered that a knowledge of mathematics was

essential.”

Osborne Reynolds
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Abstract

Recently, there has been great advances in the field of low-cost diagnostics. Two promis-
ing platforms that have emerged are paper and drying droplets. Both utilise passive
interfacial flows generated by capillary pressure and therefore do not require any exter-
nal actuators to function. In this thesis, the fundamental mechanisms behind flow in
these two styles of diagnostics and the effect of biological components, such as cells and
proteins are investigated. These new concepts are validated by developing novel blood
diagnostic techniques for the analysis of forward and reverse blood groups, SARS-CoV-

2 antibodies and haematocrit.

In paper-based diagnostics, reagents and samples to analyse are typically liquids which
are introduced by droplet deposition, where droplets are deposited onto the device with
a pipette or similar device. Also, the stain size and shape left by droplets of a biolog-
ical analyte are convenient measures of its properties. In chapter 3, the stain growth
of a droplet of red blood cell suspension deposited on paper previously wetted with
an antibody solution is analysed. The stain size can be used to identify the presence
or absence of agglutination less than 10 seconds after deposition. This phenomenon
can be used to quickly and cheaply determine forward blood groups or the presence of
antigens on the red blood cell membrane. This is currently the fastest blood tying test
which can be easily automated and scaled up. Reverse group diagnostics (the analysis
of antibodies in plasma) and the detection of SARS-CoV-2 (COVID-19) antibodies are
also demonstrated with this technique. However, the error rate is higher than is demon-
strated with the forward group tests. The technique presented in Chapter 4 overcomes
sensitivity and reproducibility issues in reverse testing by premixing and incubating
reactants before depositing a single droplet on the paper. This produces very different
results and leads to ring deposits that are analysed with image processing to identify

results.

Before droplet wicking diagnostics such as these can be efficiently designed and op-
timised, the mechanisms leading to stain formation from a sessile droplet on a paper
surface must be clearly understood. In this system, the droplet will remain above the
surface of the paper for a short time and then completely absorb. Before absorption,
the wet area is generally saturated with fluid. However, after absorption, any further
increase in wet area must be balanced by a decrease in local volume fraction. This

causes most of the stain to be unsaturated after this point. The process of wicking in
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paper is well studied in saturated infinite reservoir systems. However, finite reservoir
systems including radially wicking droplets, are not well understood. In this thesis,
three fundamental aspects of a droplet wicking radially into paper were investigated;
their analysis forms the main content of Chapters 5, 6 and 7. In Chapter 5, the final
stain size reached by a fluid was explored by measuring the stain area produced by a
range of model fluids. Surface tension and viscosity did not significantly affect results.
However, protein content due to adsorption of some blood components during wicking
was extremely important. This was correlated with contact angle experiments, where
protein content caused an increase to the solid-liquid interfacial tension. In Chapter 6,
the cause of the first-to-second stage transition observed in stain growth kinetics was
investigated and the dynamics for simple fluids was modelled from first principles. The
stain growth transition was modelled using continuum mechanics and incorporating the
effects of both the removal of the droplet reservoir a finite time after initiation and a
porosimetry hysteresis. In Chapter 7, the effects of cells and proteins on this process
was studied. The dominant effect of biological components was the increase in the sever-
ity of porosimetry hysteresis. This was due to contact angle effects from protein/cell
adsorption which caused additional pinning forces. A numerical model to predict stain

dynamics in the first stage was also developed and correlated to experimental results.

The dried deposit left by dried blood droplets on glass was analysed in Chapter 8
and compared with simple colloid systems. Dried deposits showed a strong relationship
with RBC concentration implying a possible haematocrit diagnostic technique. RBC
and protein solutions generally dry in ring-like profiles, where much of the non-volatile
components have accumulated at the droplet’s edge. Previous research on simple parti-
cles have shown a suppression of ring structures at high initial concentration. However,
RBC solutions show more defined ring structures with increasing concentration. This
was caused by a difference in drying dynamics between the two systems. In red blood
cell suspensions, the drying front halted before it reaches the centre of the droplet. Fur-
ther evaporation caused the central fluid region to invert and form the concave surface
seen in dried profiles. In simple particle suspensions this front continues until the centre
of the droplet is reached. The causes of the halt in front progression and its influence

on dried profiles and crack patterns are analysed.

In Chapter 9 the effect of contact angle on pattern formation in drying droplets was
investigated. A numerical model was developed that showed good agreement with ex-

perimental results produced with a polystyrene particle suspension. The success of the
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model identified the importance of the relative strength of surface tension and viscosity
effects. The relationship between contact angle and this ratio was determined and a

dimensionless number that can predict the onset of ring profile formation was proposed.

This thesis provides a new insight into the fundamental mechanisms of interfacial flows
of multicomponent biological fluids in evaporating droplets and porous media. It pro-
vides a unique assessment of complex biological processes analysed from a colloids and
fluid mechanics perspective, addressing critical gaps in knowledge that enables the ef-
fective optimisation of low-cost diagnostic devices. Modelling techniques are introduced
to streamline the design and optimisation of diagnostic devices. The objective of this
thesis is to replace trial and error experimentation approaches with informed design

and computational fluid dynamics simulations.
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Chapter 1
Introduction

Despite significant advances in medical technology in recent years, a significant portion
of the world’s population does not have access to even basic medical care. There were
an estimated 8.6 million deaths in 2016 in low to middle income countries as a direct
cause of a lack of access to sufficient medical care [1]. While there are several factors
that contribute to this unfortunate statistic, the cost of medical devices is undoubtedly
one of them. Due to this, there is increasing interest in the field of low-cost diagnostic

devices that can be operated quickly and with minimal training.

Microfluidic ‘lab on chip’ techniques are used to produce many diagnostic devices that
are significantly smaller, cheaper and more portable than their laboratory-based coun-
terparts. However, traditional microfluidic systems generally require pumps or other
external electrical devices, and are not recyclable /biodegradable. Paper-based microflu-
idic devices take advantage of passive flows that are produced spontaneously in porous
materials upon contact with a wetting fluid and therefore, generally do not require
any additional equipment. Paper is also cheap, light weight, bio-compatible, wettable,
easily modified by cutting or folding and simply disposed of by incineration. These
properties make paper a versatile platform for many devices that are currently in use.
The most common example of this style of device is the One Step hCG Urine Test for

at home pregnancy screening [2].

Although many innovative products have been designed and manufactured, the de-
sign process has typically been performed using a trial and error approach. This is
because many aspects of wicking phenomena in paper are not fully understood. This
is particularly true for biological fluids, where the high cell /biomolecule content leads

to anomalous rheological and interfacial behaviours. Before the efficient design and
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optimisation of paper-based diagnostics can be performed, the effect of the properties

of complex fluids must be characterised and explained from a fundamental perspective.

In addition to paper, pattern formation in drying systems has also been utilised for
low cost diagnostics [3]. Here, the patterns left after droplets of biological fluids have
evaporated on impermeable surfaces are representative of several important medical
conditions; including anaemia, thalisemia and carcinoma. These patterns are a result
of evaporation induced capillary flows that cause the redistribution of constituents. Al-
though this process has received significant attention in recent years, the fundamental
mechanisms that lead to pattern formation, especially in complex biological systems,
remain poorly understood. Before this technique can be used to engineer robust diag-

nostics the controlling mechanisms behind this process must be studied.

In this thesis, the fundamental mechanisms behind the capillary induced transport
of biological fluids in paper and drying sessile droplets are investigated and linked with
novel diagnostic applications. In the process, the concept of the Lucas-Washburn equa-
tion and the coffee ring phenomena are revisited and the ability of paper to produce
medical grade diagnostics is analysed. In chapter 3, the radial wicking of a droplet of
blood is used to engineer a rapid and low-cost blood diagnostic technique for blood
grouping. Also, the developed technique is successfully applied to detect SARS-CoV-2
(COVID-19) antibodies in patient plasma. In chapters 5, 6 and 7, the radial wick-
ing of a droplet of blood and model fluids on paper is systematically analysed from
a fundamental colloidal and fluid mechanics perspective. The universality of sessile
droplet wicking in porous media is questioned from a fundamental and broad industrial
perspective. Chapters 8 and 9 investigate the fundamental mechanism behind pattern
formation in drying droplets and the variation between the behaviour of simple and
complex fluids. Each published or submitted chapter includes a preface section that

provides a brief outline of the chapter in the context of the thesis.
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Chapter 2

Literature Review

2.1 Overview

This review focuses on the use of capillary induced transport to produce low-cost an-
alytical devices. Blood is briefly introduced from a physical science perspective and
the relevant areas of ABO blood typing are discussed. However, the details of this
extensive field and many of the biological processes are not included as they are not
directly relevant to the vision of of this thesis. The wicking of wetting fluids in paper-
like materials is analysed in detail. This includes the fundamental mechanisms derived
from micro-scale surface forces, and existing modelling techniques to predict larger scale
behaviour. Techniques to control fluid flow in these systems and some of the resulting
analytical devices are also reviewed. This is combined with a review of the fundamental
processes affecting the evaporation of a droplet of colloidal suspension on an imperme-
able surface. Coffee ring formation and the effect of biological fluids are emphasised.
Recent advances in the understanding of this process are discussed including: modes
of evaporation, evaporation profile, internal flow, particle aggregation and predictive

modelling.

2.2 Blood

2.2.1 Components

In our bodies, blood serves three main functions: transport, maintain bulk equilibrium
and facilitate the body’s immune responses [1]. To fulfil these functions among many
more requires the composition of blood to contain a multitude of cells, proteins, lipids

and electrolytes/ions. Red blood cells (RBCs) are the largest and most abundant cell

5
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found in blood, making up approximately 45% of blood by volume [2]. They contain
haemoglobin which allows them to transport both oxygen and carbon dioxide [3|. It is
the haemoglobin in RBCs that gives them their colour. Healthy RBCs are typically bi-
concave disks approximately 8pm in diameter [4|. This shape maximises surface area as
well as minimises the bending energy of the cell [5]. RBC membranes are also very flex-
ible making the cells highly deformable. This is required as they are routinely required
to pass through constrictions smaller than their cross section in small blood vessels [6].
Other blood cells such as platelets and leukocytes (white cells) constitute a significantly
smaller fraction of blood. Platelets are small discoid cells with a diameter of approxi-
mately 3 nm. They have several key functions in many processes including thrombosis
(clotting), haemostasis, vessel constriction/repair and inflammation [7, 8]. There are
5 types of leukocytes in blood and all play a role in immune defence [1]. The sizes of

each type vary. However, all are typically larger than the average RBC at 6-10 pm [1, 9].

Blood cells are suspended by electrostatic repulsion in a solution called plasma. Plasma
is composed mostly of water (90% by mass), proteins (6% by mass) and electrolytes (1%
by mass) [10]. There are many types of protein in plasma, although the reported average
concentration of each protein in a typical blood sample varies greatly [1, 11, 12|. It is
generally accepted that the most abundant blood protein is albumin (approx 38.7g/L)
[13] followed by globulins (approx 25¢/L) and then fibrinogen (approx 3g/L) [10]. Blood
proteins are responsible for a wide variety of functions, including transport, immune

responses and thrombosis [4].

2.2.2 Rheology
Bulk Rheology

Blood is a shear thinning, viscoelastic and thixotropic fluid [14]. This means the ef-
fective viscosity of blood changes as a function of shear rate and time, and blood has
solid-like elastic properties. Due to this, quantifying the exact rheological properties of
blood is an ongoing challenge and currently, there is no universally accepted model that
can describe flow behaviour in all circumstances. However, there are many models that
can be applied with great accuracy to specific systems and limited conditions [15-18|.
The complex non-Newtonian properties of blood are largely caused by the concentra-
tion, shape and deformability of RBCs [1, 19, 20|. RBCs also tend to form rouleaux
aggregates in low shear flows, which causes time dependant behaviour [21|. Blood

rheology is therefore highly dependent on haematocrit or the concentration of RBCs,
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which can vary significantly between individuals [20, 22|. Plasma also exhibits weak
viscoelasticity [23]. Despite complex non-Newtonian properties, it is not necessary in
all cases to include the non-Newtonian properties of blood for accurate modelling [24].
Due to this, and for simplicity, much of the analysis presented in this thesis assumes a

constant viscosity for both plasma and blood.

Surface Rheology

Many of the components in blood are tensioactive and readily adsorb onto many surfaces
and air interfaces [25]. This produces complex interfacial behaviour with a significant
dynamic component that is a function of concentration, low conditions and geometry
[26, 27]. This is probably the reason why the reported value of blood surface tension
varies so significantly in literature, with some quoting a value close to water 69.8 mN/m
[28], 73 mN/m [29] and some as low as 57mN/m [30]. The surface tension of blood is

also temperature dependant [30], which is also often not considered in measurements.

2.2.3 Blood Groups

Blood groups were first identified in 1901 by Lansteiner with blood from himself and 5
co-workers that was presented in a classic 1.5 page communication [31, 32|. He identi-
fied three distinct blood groups (A, B and O) based on agglutination properties. The
AB group was discovered soon after and was included in the ABO system. This was
an important discovery as blood group compatibility is essential for safe blood trans-
fusions [33]. Transfusion is a common treatment of major haemorrhages, cancer and
complications during childbirth. Before the procedure, blood grouping is performed to

ensure compatibility between the donor’s blood and the patient’s immune system [34].

The RBC membrane is a complex structure with many components that perform specific
functions [35]. Several of these components, usually proteins and sugars are identified
as antigens as they readily react with antibodies created by the immune system. It is
the presence of specific antigens in an individual’s RBC membrane that identifies the
forward blood groups, while the presence of specific antibodies in an individual’s plasma
determines the reverse blood groups. Generally, both forward and reverse testing must
take place before transfusion to ensure compatibility. The structure and function of
the red cell membrane and the related immune responses have been studied in detail
for many years [36, 37|; however, only blood grouping antigens and antibodies will be

considered in this review. Currently the International Society of Blood Transfusion
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recognises 339 blood group antigens, divided amongst 33 blood group systems [33].
Despite the large amount of blood group systems, the ABO system remains the most
clinically relevant. This is because there is a high likelihood of a serious immune re-
action if ABO groups are matched incorrectly. The D blood group is also commonly
clinically important and is represented by the positive or negative sign in the standard
representation of blood groups. For example A+ RBC’s will have both A and D anti-

gens expressed on their membranes.

There are many techniques used to perform both forward and reverse blood typing
diagnostics. However, most of these methods function on the detection of an antibody-
antigen reaction upon combination of incompatible samples (eg A RBCs with B plasma).
This results in the antibody binding to the antigen sites on a red cell. If the antibody
is a common pentamer Immunoglobulin M (IgM) antibody (used for ABO typing) it is
able to bridge the cell-cell electrostatic repulsion force due to surface charge and cause
RBCs to bond together. This forms large agglutinates which can be detected by a

change in optical appearance and rheological behaviour |33, 38-42].

2.3 Wicking in Paper

The wicking or spontaneous imbibition of wetting fluids into porous media is of impor-
tance to many industries including manufacturing [43], agriculture [44], textiles [45],
printing and recently biodiagnostics [46]. Paper is a porous material composed of a
non-woven matrix of fibres and has been used extensively for communication, filtration
and hygiene applications for many years [47]. The fibrous matrix of a typical paper
sheet includes many empty pores that can be readily filled with an imbibing liquid.
The volume fraction of empty pores to fibres in paper is referred to as porosity and
impacts wicking characteristics significantly. The most common source of paper fibres
is cellulose from wood pulp, the relative concentration and aspect ratio of these can be
tuned to produce a wide variety of papers (copy, towel, filter, etc). Additives including
fillers, wet strength and sizing agents are also commonly added to tailor properties
[47]. In this section, the fundamental mechanisms leading to wicking in paper and the

current modelling approaches are reviewed.
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2.3.1 Capillarity and the Lucas-Washburn Equation

The surface tension or surface energy of an interface is defined as the increase in internal
energy if the surface is reversibly expanded by a unit amount at constant temperature.
It has the units of Joules per meter squared and is a component of the system’s total
potential energy [48]. As all systems tend to minimise their potential energy, this pro-
duces a force that scales with the length of an interface. Surface tension is commonly
expressed by the unit Newtons per meter, which is dimensionally consistent with the
energy definition. The force developed due to a minimisation of surface energy, is re-
sponsible for many commonplace phenomena, including the spherical shape of small

droplets and the ability of small insects to walk on water [49].

Due to this effect, a curved interface will only be in equilibrium with its surroundings
if there is a higher pressure on the concave side. The pressure difference required to
stabilise an interface is referred to as Laplace pressure, and is calculated using equation
2.1.

AP = 1

R% n R% (2.1)
Where 7 is the surface tension of the interface, R; and Ry are the two principal radii of
curvature and AP is the pressure differential over the interface. In most cases examined
in this thesis, the concave side of the interface is open to atmosphere and is therefore,
at atmospheric pressure. This means the gauge pressure on the convex side is equal to

—AP. The value AP is often referred to as the capillary pressure.

When a small volume of liquid intersects a solid surface, an apparent equilibrium con-
dition is quickly reached that corresponds to the minimum surface energy configuration
[50]. This state is not a true equilibrium, due to thermodynamic complexities that are

discussed below. However, much analysis assumes equilibrium conditions. Bond num-

ApgL?
g

Where Ap is the difference in density between the two phases, ¢ is the gravitational

ber quantifies the dominance of gravity over surface tension and is given by Bo =

acceleration and ~ is the surface tension of the interface. At low Bond numbers, where
the effect of surface tension dominates gravity, the drop forms a spherical cap shape
defined by a contact angle and radius. The contact angle is defined as the internal angle
between the surface and a tangent to the drop at the intersection of the three phases:
solid, liquid and vapour. This intersection is referred to as the contact line (Figure 2.1).
The Young equation (equation 2.2) gives a simple description of the contact angle (6)

using a horizontal force balance or a minimisation of excess free energy and the three
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relevant surface tensions: liquid-vapour (7;,), solid-liquid (), and solid-vapour (vs,)
[51, 52|. This historic equation relates the relative magnitudes of the three relevant sur-
face tensions: solid-liquid, liquid-vapour and solid-vapour (Figure 2.1) to the contact
angle. The contact angle is typically independent of droplet size in meso-scale droplets

and is widely used as a convenient measure of surface properties [53, 54].

Yiv

¥st Vsv

Figure 2.1: Schematic representation of the triple line.

Vo = Vst + ViwC0SH (2.2)

Although useful, the Young equation gives an incomplete picture of contact angle. This
is because of several assumptions made in its derivation that will be discussed briefly.
A perfectly smooth and chemically homogeneous surface is assumed. Surface rough-
ness influences contact angle by making hydrophobic surfaces more hydrophobic, and
hydrophilic surfaces more hydrophilic [55]. Another assumption made is the absence
of contact angle hysteresis which is caused by surface roughness and chemical hetero-
geneities. Contact angle hysteresis is defined by a difference of advancing and receding
contact angle, where the measured contact angle is higher at an advancing edge than a
receding one. This is most easily observed by looking at the shape of a droplet sliding
down an incline as seen in Figure 2.2. This phenomenon occurs because the free energy
of the system varies as a function of contact line position. In the perfect system de-
fined in the derivation of the Young equation, there is a single minimum in free energy
corresponding to the droplet’s equilibrium position. However, in a real heterogeneous
system, there are several, creating many discrete stable configurations that correspond
to local minima in free energy. This produces pinning forces that act to keep the droplet
in a stable configuration. The resulting effect on contact angle can be demonstrated by
including the pinning force in the Young equation on the right-hand side of equation
2.2. For an advancing interface this force is positive, and negative for a receding [55].

The maximum magnitude of the pinning force determines the hysteresis severity and
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Figure 2.2: Advancing and receding contact angle on a sliding drop.

increases with physical and chemical heterogeneity.

The assumption of equilibrium made in the derivation of the Young equation is also
not valid in many cases. This assumption is obviously violated by absorbent mate-
rials; however, droplets are also thermodynamically unstable in most conditions due
to Kelvin effects (dependence of saturation conditions on curvature) [48]. Thermody-
namic analysis also shows that a microscopic adsorbed layer of liquid is always present
on the apparent solid-vapour interface that intersects the macroscopic droplet at the
contact line. This intersection leads to an extreme curvature at the contact line, imply-
ing a negative capillary pressure, which cannot be in equilibrium with the macroscopic
droplet. This apparent paradox is resolved with the addition of surface forces or dis-
joining pressures, that are responsible for the anomalous microstructure in the vicinity
of the contact line [52]. This microstructure/precursor film influences the macroscopic
behaviour of the droplet and is required to understand many droplet spreading phe-
nomena, as well as contact angle hysteresis on smooth homogeneous surfaces [50]. This
combination of complex phenomena is often overlooked in contact angle investigations

and is the source of much misinterpretation.

The concepts of Laplace pressure and contact angle where first combined in 1918 by Lu-
cas [56] and later in 1921 by Washburn [57], to derive the well-known Lucas-Washburn
equation. This equation predicts the spontaneous imbibition of wetting fluids into a
large variety of porous materials. Lucas and Washburn modelled these materials as a
collection of individual capillary tubes. For such systems wetting fluids create curved
menisci and therefore capillary pressures are determined by contact angle and geometry.
Figure 2.3 demonstrates the effect of contact angle on the curvature of the meniscus.

The Lucas-Washburn equation is derived by assuming the capillary pressure is balanced
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by the viscous effects due to the motion of fluid within the capillary tube and ignoring
other effects such as inertia. Equation 2.3 gives the pressure differential by applying
the Young-Laplace equation (equation 2.1) to a circular cross section. Equation 2.4 is
the well-known Poiseuille equation, expressing the volumetric flow rate as a function
of pressure and radius for laminar flow in circular cross sections. Combining these two

equations and integrating, yields the Lucas-Washburn equation (equation 2.5).
(a)
(b)

Figure 2.3: Meniscus geometry in capillary tube, (a) wetting and (b) non-wetting.

P = 2vcost (2.3)
r
av. wP. ,
- = 2.4
it sul (24)
rycos(0)
[ = |t————= 2.
2 (2.5)

Where P, is the capillary pressure, r is the radius of the capillary, V is the volume
of fluid inside the capillary tube, p is the viscosity of the fluid, ¢ is time and [ is the
length of the section of tube that is occupied by fluid. As the effect of r is in most
cases indistinguishable from other constants, they are commonly grouped together into
a single empirical unknown term that is a function of fluid and material properties.
This equation predicts the position of a wetting front will be proportional to the square
root of time. This was observed in a huge variety of porous systems [57-59]. However, it
does not apply in many cases [60] as real porous systems are significantly more complex
than is considered in the derivation. There is a great range of literature concerning

alterations to the Lucas-Washburn model to account for the dominance of a plethora
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of ignored effects which are discussed in Section 2.3.3.

2.3.2 Wicking at the Pore Scale

Lucas-Washburn style models typically rely on empirical constants that are difficult to
determine theoretically. This is primarily due to a disregard for pore scale mechanisms.
An example where these are important is a penetrating fluid encountering a network
discontinuity, such as an intersection with another pore. This behaviour has been
studied in simplified experiments on model 2D porous networks [61, 62]. In these con-
trolled systems, the pores only intersect at right angles allowing simple observations. In
this case, four characteristic imbibition events where found (Figure 2.4). First; piston,
where the wetting fluid flows through a single channel as in a simple capillary. Second;
snap off, where the wetting fluid meets an open channel. In this situation the fluid can
only spread further through a surface wetting mechanism, leading to a thin film that
spreads around the outside of the channel. When the film encircles the circumference
of the channel, spontaneous filling occurs due to a strong Laplace pressure. Third;
imbibition 1, this describes the mechanism of filling a junction when three channels
contain the wetting fluid. Fourth; imbibition 2, which occurs when there are two filled

channels in a four-way junction.

A * WETTING FLUID

S
Z
/"

% /4 AIR "’5(/r l 7 .
Figure 2.4: Diagrams of identified 2D imbibition events. A) piston, B) snap off, C)
imbibition 1, D) imbibition 2. Reproduced from [62] with permission from De Gruyter.

By observing the relative timing of each event, the relative driving pressure of each
event could be identified [61]. This is similar to the derivation of equation 2.3 where
the Young-Laplace equation (equation 2.1) is applied to find the driving pressure for
a cylindrical capillary undergoing piston imbibition. In the situation where there are

two interfaces within a small distance, the local absolute pressure in the wetting fluid is
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determined by the capillary pressure of the interface with the highest driving pressure
(AP,4z), which corresponds to a low absolute pressure (P,s) in the region near the
interface (Pups = Patm — APpaz). This low pressure produces a force on the weaker in-
terface, causing the fluid to preferentially move towards the interface with the greatest
driving pressure AP,,... The weaker event occurs only when the distance between the
two interfaces is such that the local absolute pressure rises to a value that enables the
weaker event to occur (Pups = Paym — APpin). This sequence of preferential imbibition
events is very similar to capillary fingering, a well-known phenomenon in porous media
[63, 64]. Although these 2D experiments of imbibition events are much simpler than
physical 3D porous networks, analysis shows that small variations in pore morphology
can cause changes in wicking behaviour that are not included in Lucas-Washburn style
models. This is demonstrated by the faster wicking of fluids in paper in the machine

direction [65, 66] where there is a slight fibre alignment.

Detailed experimental imaging of paper during transport has revealed that bulk flow
due through filled pores as in piston-like motion is quite rare [67]. This is because
the complex fibrous matrix of paper has too many discontinuities for large menisci to
form. Instead, the primary mechanism of wicking is by thin film growth and wicking
though open crevasses created at fibre intersections, or surface roughness on individual
fibres. Full saturation does occur a distance behind the front, which is caused by a
spontaneous snap off mechanism once films have spread enough to self-intersect. This

process is depicted in Figure 2.5.

A consequence of the dominance of film flow in paper is that there is a small transition
region between the saturated and dry regions. In this region the fluid is contained in
the very small inter/intrafibre crevasses due to the higher driving pressures to enter
these sections. This is shown in the cryogenic SEM image in Figure 2.6 showing three
distinct zones based on the level of saturation. This observation was also made with
magnetic resonance imaging, where the presence of a precursor front of low saturation
was identified [68].
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Figure 2.5: Diagram of the mechanism of pore filling. Red area indicates the region of
strongest capillary pressure, where fluid initially enters. When pressure rises the blue
and then green areas will be filled. The continuous boundary of green area would likely
cause a rapid snap off event. Reproduced from [67].

2.3.3 Modelling Techniques

Due to the wide application of wicking in paper-like materials, there has been a great
amount of research on developing mathematical models to describe the phenomena in
a variety of systems [69]. These can be broadly grouped into three classes: capillary,

continuum and pore scale [70].

Capillary Models

Capillary models, such as the Lucas-Washburn equation, simplify the system to bun-
dles of capillaries. These were the first type of wicking models and are still the most
widely used due to their simplicity. In the derivation of the classic Lucas-Washburn
equation, the effects of inertia and gravity are ignored. This is because the Reynolds
and Bond numbers of wicking systems are generally low enough to ignore these effects.
Reynolds number is a numerical representation of the dominance of inertia over viscous
forces given by Re = %. Where p and p are the density and viscosity of the fluid

respectively and U and L are the characteristic velocity and length respectively.

In wicking systems, the velocity of the fluid is high at very early times, causing a
high Reynolds number. Even though this occurs very briefly, inertial effects are impor-
tant in some systems as late stage predictions will be offset by the error in the early
stages |71-74].

For large systems with a vertical inclination, gravity cannot be ignored. However,
it is not always clear when it should be included. Although the Bond number gives

the approximate ratio of surface tension to gravity forces the derivation assumes iden-



CHAPTER 2 — LITERATURE REVIEW 16

NN & -
K\ Y
SANY

Figure 2.6: Low magnification image of a wicking front, shows the saturated zone
(highlighted in blue) and partially saturated (red). Green shading indicates large empty
pores in front of the front. Reproduced from [67].

tical length scales of the two effects. While this is appropriate for many systems, for
wicking it is generally not applicable. The appropriate characteristic length to define
surface tension in this system, is generally the pore diameter. However, the characteris-
tic length for gravitational forces is the vertical height of the sample, which is typically
several orders of magnitude large than the pore diameter. To account for this, Li et
al. [60] introduced the dimensionless parameter ‘CGR’ defined as the ratio of capil-
lary pressure and gravitational head. This formalism can be used to predict whether
gravitational effects are dominant in wicking systems. The Lucas-Washburn equation
can be generalised to include the effects of inertia and gravity to derive equation 2.6
[57, 75-77].

d(hh)  2vycos®  Suh
— = h h 2.6
P - htpg (2.6)

In most wicking models the contact angle is regarded as a constant. However, when
fluid velocity becomes very high, usually at the very early times, a static contact angle

assumption is not valid. Many researchers have investigated the dynamic contact angle
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[78-80] and observations broadly follow the relation of Cox [81], where the contact angle
is a function of front velocity.
wdl

— (03 +9BEZ)s 2.
04 = (0. +9 th) (2.7)

Where B is a characteristic of the system, generally regarded as a constant equal to 14
[82], 04 is the dynamic contact angle and 6, is the equilibrium contact angle. This dy-
namic contact angle can be used in wicking models |71]; however, as velocity decreases,

the dynamic contact angle tends to quickly approach the equilibrium value.

There are many more examples of capillary models that have been derived for spe-
cific systems. These include: intra-fibre pores [83], non-uniform interconnected pores
[84], fibre absorbency [85|, changing pore size [86] and hydrophobic wax boundaries
[87]. Despite these developments, most Lucas-Washburn based models are still heavily
reliant on some empirical fitting. This is because the constant r used in the derivation
can not be easily predicted from material geometry. A value based off the average
pore size calculated from microscope images overestimates wicking rate by an order of

magnitude [67].

Continuum Models

Continuum models generally utilise Darcy’s law to relate pressure gradient to average
velocity (equation 2.8). This has the key advantage over capillary models that it can
be easily applied to more complex 2D or 3D geometry. In a simple wicking system
this expression can be used to derive equation 2.9, which leads to an electrical circuit
analogy as it is similar to Ohm’s law. This technique is commonly used to describe flow

in a wide range of paper-based analytical devices [88-90].

v = —§VP (2.8)
0
: EWH
Q= _/LTAP (2.9)

Where v is the average fluid velocity, k is the permeability of the material, P is pressure,
W is the width of the paper channel, H is the height of the paper channel and Q is the

volumetric flow rate.

Darcy’s law was used to derive simple expressions for flow in a range of specific ge-
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ometries, [91, 92|. Elizalde et al. [93] derived a general equation for the flow of liquid

wicking through arbitrary cross sections.

In more complex semi-saturated systems, Darcy’s law can be combined with volume
conservation to give Richards’ equation [94] (equation 2.10). By assuming that pressure
is solely a function of volume fraction the equation can be expressed in a diffusion form

(equation 2.11).

‘gf —v. (KL@VP> (2.10)
g(f _v. <D/S¢)v¢>, (2.11)
D(o) = K(6) 75 . (2.12)

Where ¢ is the local volume fraction, K (¢) is the permeability as a function of ¢. The
solution of Richards’ equation requires further expressions for permeability and pressure
(equation 2.12) that are dependent on material properties [95]. Perez-Cruz et al. [96]
used relations based on Brooks-Coorey models for flow through soils to express pressure
and permeability as functions of local volume fraction [95]. This predicts the shape of
wicking fronts around irregular geometries in paper (Figure 2.7). As the Brooks-Coorey
model is empirical, this method requires some fitting to produce meaningful results. A
non-empirical method for determining pressure and permeability functions has been
employed by implementing a Full Morphology - Stokes method [70]. This gives the

required constitutive equations based on measurements of pore scale geometry [97, 98|.

Full-Morphology (FM) is an image analysis technique that gives the level of satura-
tion at specified capillary pressures for porous materials [99, 100|. The technique relies
on virtually fitting spheres of constant diameter into the void space in a representa-
tive volume of the material. The spheres can intersect each other but not the porous
material. At each sphere size, corresponding to a capillary pressure, the total volume
occupied by spheres in the virtual network is calculated. Therefore, by performing
this operation at several different sphere diameters, the volume fraction at different
capillary pressures can be probed. The effect of contact angle on the accuracy of this
technique was investigated [101]. It was found that for low contact angles the geometric

differences are negligible, and therefore the difference could be included by multiplying
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Figure 2.7: Wicking model based on Richards’ equation. Left panel is the experimental
image, right panel is the simulation result. Reproduced from [96] with permission from
Springer.

the calculated pressure by the factor of cosfl implied by equation 2.3.

The other required expression to solve Richards’ equation is material permeability.
This can also be calculated from material geometry by performing a Stokes flow sim-
ulation, on the geometry calculated using FM methods. These two methods combined
give the FM-Stokes method [70]. There are also other techniques for determining these
constitutive equations, including other image-based methods [102], mercury intrusion
[103] or centrifuge methods [104].

The Brinkman equation gives another continuum method for predicting flow in porous
media [105]. This equation combines the Stokes equation for low Reynolds number flow
and Darcy’s law to give equation 2.13. Where v is the average velocity and a is a con-
stant that is representative of the system. This equation is second order with velocity,
allowing no slip and other more complex boundary condition to be implemented. This
is demonstrated in Figure 2.8. Brinkman models are particularly appropriate in highly
porous materials and have been applied to analyse paper-like materials in several ways
[106-109].
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Figure 2.8: Predicting flow in paper channels using Brinkman’s equation. (a) Image of
paper strips. (b) Model predictions showing the implementation of a no-slip boundary
condition. Reproduced from [106] with permission from Royal Society of Chemistry.

uV*v — VP — pa®v =0 (2.13)

Pore Scale Models

Pore scale models are used to investigate flow at a resolution smaller than the pore
size in the material. As paper is often very thin, the total thickness is not significantly
larger than the pore diameter, indicating that continuum scale modelling may not be
appropriate. In papers where there is a large variation in pore diameter, wicking fronts
are generally rough, these require pore scale resolution to predict accurately [70]. Pore
scale models require pore geometry to be either measured or generated. This can be
done with a variety of techniques including micro CT [110, 111|, mercury porosimetry
[112] and statistical methods [113]. Two specific pore scale methods will be briefly
discussed here, pore network (PN) and interface tracking methods. However, there are
other pore scale methods that have been applied to wicking systems such as the Lattice
Boltzmann method [114, 115].

Pore network models represent the porous material as an interconnected network of
pores and throats. The distribution and geometry of these pores and throats is gener-
ated based on a probability density function that is estimated from measurements of
the investigated porous media. Pore network modelling requires a description of flow

dynamics in each individual pore and throat system. This can be derived in many
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systems as simple functions of geometry and wetting properties. The large-scale be-
haviour of the system is modelled by allowing the penetration of each individual pore
and throat system once an adjacent pore has been filled. This technique was used to

describe wicking processes in many porous materials including paper [116-119].

Traditional computational fluid dynamics techniques can also be used in wicking sys-
tems. Here, transport equations are solved over a representative mesh, which allows
a high-resolution flow field to be calculated. However, a common difficulty in these
types of simulations is interface tracking. This is because the exact position and shape
of the front is generally very important in these systems. There are many techniques
that perform this function [120] including the volume of fluid (VOF) method. VOF
is a common technique used for modelling multiphase flows and has been successfully
applied to paper [121, 122|. Briefly, this technique involves solving transport equations
over the entire domain; however, specifying the properties in each cell by a scalar vari-
able, usually called colour or volume fraction. If a cell is entirely occupied by a single
phase the value will be either 0 or 1 depending on the phase. In a cell occupied by an
interface the volume fraction will be between these values. Volume fraction is calculated
at each time step using a simple convective equation that ensures the interface moves
at the same velocity as the surrounding fluid. In wicking systems, the curvature of the
interface and the pressure field are strongly linked, therefore an additional governing

equation is required.

2.3.4 Finite Reservoirs

Much of the previous research on wicking only considered infinite reservoirs. For these
systems there is commonly a very sharp wicking front where there is a clear distinction
between wet and dry regions. If the fluid reservoir of the system was consumed or re-
moved during wicking, fluid motion generally continues. However, it is now controlled
by a redistribution mechanism rather than simply flowing from a reservoir [123|. Redis-
tribution occurs as small pores have a greater capillary pressure (AP) than large ones
(equation 2.3). At the time that the fluid reservoir is consumed /removed, the fluid is
contained in only small pores near the wicking front and both large and small well inside
the wet region [67] (Figure 2.6). This means the absolute pressure on the outside of the
stain (Pus = Pum — AP) is lower than at the centre, producing outward flow which
empties the larger pores [124]. This causes the local concentration or saturation value
to decrease with time in the central region. Many models such as Lucas-Washburn

and Darcy’s law assume full saturation and are therefore not suitable for the study of
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wicking from non-infinite reservoirs.

The most common non-infinite reservoir wicking system is the absorption of a droplet
into a porous material such as paper. This is a common process in paper-based diag-
nostics as droplet deposition is often the easiest method of introducing reagents and
carrier fluids. In this system, the fluid wicks radially into the paper until at some point,
the droplet is consumed. Wicking before the consumption of the drop is referred to as
stage 1, and after is referred to as stage 2. These two stages are displayed in Figure
2.9. The first analysis of this process was published in 1955 and gives an empirical
relationship that allows the determination of the volume of raindrops based on the size
of stains left on paper [125]. Gilespie [126] was the first to record the dynamics of
this process in paper and identified the two-stage behaviour in stain growth kinetics.
An analytical model for second stage behaviour based on Darcy’s law was developed,
although excessive fitting parameters has prevented its broad use. Gilespie’s model
was improved on by several researchers [124, 127, 128], all these models can be broadly

expressed with a simple power law with time (equation 2.14).

(a) (b)
Figure 2.9: Two stages of stain growth, (a) first and (b) second.

Ao t™ (2.14)

Where A is stain area and m is an empirical constant. Experimental results show good
correlation with this power law. However, the value m varies in each stage. In literature
the values for m in the first stage are in the range 0.10-0.33, and 0.39-0.50 in the second
stage (124, 127, 129, 130].

Marmur [131] developed a model of a radial capillary to investigate Lucas-Washburn
kinetics on a radial system. The modelled system was two parallel plates separated by
a small distance. Liquid is introduced through a small hole in one of the plates. This

yields equation 2.15.

A A B 2mdry cos 6

2.1
A, ) (2.15)
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Where A, is the area of the inlet, d is the separation of the two plates. Although it is not
clear what value to use for Ay and d in the comparison with a real system, this model
was observed to be consistent with radial spreading of fluids from infinite reservoirs.
These experiments were accomplished by supplying fluid at a single specified location
via a capillary tube [124]. This radial capillary model was also consistent with wicking
from droplets in the first stage, indicating that the capillary pressure and gravitational
head from the droplet geometry does not affect behaviour [124]. Also, the behaviour
of the stains after the capillary tube was removed was consistent with that of second
stage droplet wicking [124]. These results show that the low value of m (equation 2.14)
in the second stage of droplet wicking is caused solely by the fact that the amount of

fluid is limited, and the spreading mechanism is dominated by fluid redistribution.

2.3.5 Biological Fluids

The wicking of biological fluids through porous materials has received only brief atten-
tion in literature and has focused almost entirely on blood pattern analysis for forensics.
This is a method of reconstructing crime scenes by analysing the distribution, size and
shape of blood deposits [132]. Blood pattern analysis is in most cases performed on
hard, smooth surfaces. However, there are several publications relating to blood stains
on paper /fabric. These documents analyse the appearance of blood stains between dif-
ferent modes of application [133], droplet velocity [134] and surface inclination (Figure
2.10) [135]. Li et al. [136] present a technique to predict the volume of a blood droplet
by the size of the resulting stain. In this work they compare stain size at different

haematocrit values and qualitatively analyse the stain growth dynamics.



CHAPTER 2 — LITERATURE REVIEW 24

(a) (b)

Figure 2.10: Blood stain from 31 pL drops of pig’s blood on fabric inclined at a) 45°
and b) 15° to the vertical. Reproduced from [135] with permission from Elsevier.

Although useful, previous research on blood spreading through paper and textiles has
been largely focused on specific forensic applications. Due to this, the effect blood com-
ponents such as cells and proteins have on wicking systems and the relevant fundamental

mechanisms are poorly understood.

2.4 Paper-Based Diagnostics

Paper-based diagnostics or paper-based analytical devices (PADs) take advantage of
passive flows that are induced due to capillary effects in porous media. These flows
negate the need for the external pumping systems that are often required in traditional
microfluidic devices [137-140]. Paper also has the advantage of being low-cost, light
weight, biocompatible, easily manipulated by folding, cutting or stacking and can be
simply disposed of by composting or incineration [46]. Due to their advantages, there
are many examples of paper-based diagnostics in use and it remains an active research
topic. A few recent reviews provide technical progress and biomedical perspectives
[46, 141-144]. Here, the main styles of devices and the techniques implemented to

control fluid flow will be discussed. Due to the advantages of paper as a substrate,
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there are also examples of paper being used as a platform for traditional microfluidic
techniques. This is where a hydrophobic paper or coating is used and fluid paths are
cut out of the paper [145, 146]. In this situation, although paper is used, capillary forces
are not dominant, meaning an external pump is still required. For this reason, they are
considered to be traditional microfluidic systems for the purposes of this review. There
are also several examples where wicking in threads is used to produce microfluidic
devices which are not considered [147, 148|. Most PADs utilise reagents which are
combined with the investigated sample and transported to one or many detection zones
by capillary action. Results are typically identified visually by the user’s eye based
on colour changes or the distance of transport. Paper-based systems can be broadly

classified by flow dimensions (Figure 2.11).
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Figure 2.11: Representation of 3 classes of PADs, a) 1D, b) 2D and ¢) 3D. Reproduced
from [141] with permission from De Gruyter.

24.1 1D

One dimensional (1D) PADs are the simplest to construct and were used as early as
the 1940’s. These consist of strips of constant width used as a medium to facilitate

the transport of constituents and reactants. Early techniques were used to create chro-
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matography [149, 150], electrophoresis and dipstick devices [151]. Since then, significant
advances have led to linear paper-based lateral flow devices being used for a wide va-
riety of diagnostics. These include fibrinogen levels in plasma [152] and RNA/DNA
measurement [153, 154]. The most commonplace example of a 1D paper-based device
is the One Step hCG Urine Test for at home pregnancy screening [155]. These systems
typically rely on capillary action to combine the reactants and produce a colour change
that is detected by eye. Linear systems have the advantage of simplicity and are cheap
to manufacture. Although they are the least versatile in regard to controlling flow,
properly designed, 1D paper diagnostics are very effective. Lateral flow diagnostics and

dipsticks are the best known commercial systems.

2.4.2 2D

Additional functionality can be facilitated with 2D devices, where fluid is not confined
to a single dimension, but takes full advantage of the paper surface in 2 dimensions
(2D). This allows the addition of several reactants simultaneously as well as more com-
plex control of flow [156, 157|. 2D PADs can be fabricated in several ways each utilising
different methods to control flow [158]. The easiest of which is by varying geometry.
This method is shown in Figure 2.12a where the distance and width of ‘input legs’ are
varied to control the timing of the delivery of reagents [88, 159]. Models to predict
the behaviour of fluid inside paper of complex geometry are discussed in section 2.3.3.
However, the general rule for these systems is that a contracting channel width increases
the velocity at the front and vice versa for expanding sections. This behaviour can be
explained by considering an electrical circuit analogy for viscous resistance, pressure

and volumetric flow [88].

Cutting paper to a specific geometry is a simple and effective method for the small-scale
production of microfluidic devices. However, it is often more efficient to pattern paper
to create hydrophobic/hydrophilic channels to control flow. This can be used to create
similar devices as cut paper. However, due to the contact with a hydrophobic barrier,
wicking can be slightly hindered [87]|. These hydrophobic barriers can be produced with
photolithography [160|, wax patterning [161], plasma treatment [162], wet etching [163]
and several other methods [158].

Many control elements have been implemented in 2D systems for producing time delays
such as shunts [90], dissolvable barriers [164], dissolvable bridges [165] (Figure 2.12b)
and several others [69, 143, 166]. It is not always clear if these devices belong in 2D
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or 3D system categories as they are commonly applied to both systems. Currently, the
only commercial 2D paper diagnostic system is the GLIF blood typing paper test that
directly prints the sample’s blood group [167].

dissolvable bridge

t1

t2

[ TR
t3

Figure 2.12: Techniques to control the timing of transport in PADs; a) varying path
lengths. Reproduced from [159] with permission from Royal Society of Chemistry, b)
dissolvable bridge. Reproduced from [165] with permission from American Chemical
Society.

24.3 3D

Utilising 3 dimensions (3D) allows reagents to be delivered to many reaction sites, al-
lowing complex multi-functional devices to be designed. However, this comes at the
cost of simplicity of use and manufacture. 3D PADs were first demonstrated by Mar-
tinez et al. [168] (Figure 2.13) with layers of paper and tape allowing several fluids to
flow under and over each other. The tape produces an impermeable barrier that does
not allow transport between layers. At sections where transport is desired, a hole is
cut in the tape layer and a small amount of cellulose powder is added to bridge the air

gap. Figure 2.13b shows a 9 layered device constructed using this technique capable of
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selectively delivering reactants to 1024 detection zones. Similar devices can be manu-
factured using an origami method where the paper can be folded and unfolded along
specified lines to quickly and accurately assemble a wide variety of devices [169-171].
3D flows in single paper sheets are also possible by controlling the penetration of wax

layers to create discrete channels [172-174].

cellulose
powder channel

| photoresist

tape channe in paper
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(b)

Figure 2.13: Multilayered 3D PADs. a) Tape barriers and cellulose powder channels
between layers. b) Top and bottom surfaces of 9 layered device used to distribute 4
reagents to 1024 detection zones. Reproduced from [168| with permission from the
National Academy of Sciences of the United States of America.

Layered and single sheet 3D designs have been utilised to produce a wide variety of
versatile diagnostic devices. These are discussed in detail in the recent review articles
[46, 141-144|. Here, three interesting techniques to control flow in these devices will be

discussed briefly.

A significant advantage of PADs is their ease of use; however, a user is not generally
able to customise a device to suit their needs without further equipment. User pro-
grammable devices have been made with 3D layered channels that can be customised
by pressing particular locations on the device [175]. This can be useful as a user can
designate the flow of reagents towards any number of detection zones. These devices are
created by cutting holes in the non-permeable layer used to divide layers in multilayer
PADs. This creates large air gaps that will not transport fluid. If force is applied to

these regions the surrounding layers will irreversibly deform, filling the air gaps. This
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creates a single use push button that allows flow between layers at the pressed location.

Although simple in operation, PADs often lack the accuracy and reproducibility of
traditional methods, this is partially because the introduction of reagents or carrier
fluids is by droplet deposition or elusion bath. These techniques are variable and can
create reproducibility issues, especially when several tests are to be performed simul-
taneously. These issues are negated by using 3D slip layers. These are movable layers
that allow the simultaneous and reproducible delivery of reagents to many detection
zones. This can be utilised to efficiently test many samples [176], and the simplification

of test methodologies to single step processes [177].

Li et al. [178] combined a 3D PAD with a hollow needle to create a one-touch device for
the simultaneous investigation of blood cholesterol and glucose levels. By pressing on
the needle, the device collects a blood sample and delivers it straight to a paper surface
for separation and analysis. The combination of sample collection and the analysis of

two components in a single device demonstrates the versatility of 3D PADs.

While very impressive and celebrated by many publications, there are no 3D PADs
in commercial use. This is because their complexity of fabrication and the lack of re-
producibility are currently not compatible with the economics and safety regulations of

biomedical point of care devices.

2.4.4 Paper-Based Blood Typing

There are several examples of paper-based blood typing techniques. Most of these in-
volve depositing a drop of blood onto paper that has been treated with antibodies.
When a RBC antigen comes into contact with a specific antibody, a strong binding
occurs. If the antibody is an IgM pentamer (used for ABO typing [33|) the antibody
is large enough to bridge the cell-cell electrostatic repulsion forces from surface charge
and facilitate the agglutination of RBCs [179-181]. Upon flushing with saline, indi-
vidual RBCs wash away, and agglutinated cells remain in place. This is caused by the
significant resistance to transport in agglutinated samples. There are many examples of
this style of test with the primary difference being the method of saline flushing. If an
elusion bath is used, negative results are identified by smearing in the eluded direction
[180, 182-185]. A spot test is also used where the saline is deposited directly on to the
stain on the paper [181, 186-189]. Here, a positive or negative result is determined by

the presence of a defined red spot after washing. Li et al. [188] developed a technique



CHAPTER 2 — LITERATURE REVIEW 30

like the spot method where paper regions are selectively treated to spell the letters
A, B and O. After washing, the results of the test are displayed in writing onto the
paper surface. Khan et al. [179] developed a strip method where the wicked length of a
blood droplet along antibody-soaked paper was utilised. If a specific antibody-antigen
reaction had occurred, the final wicked length would be less. This is primarily caused
by an increase in the effective viscosity of the suspension in agglutinated samples and a
chromatography-like separation. Figure 2.14 gives a representation of each of the main

types of paper-based blood typing diagnostics.

Positive result

———— =
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result result
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Positive Negative Positive Negative
result result result result

Figure 2.14: Representation of 4 styles of paper-based blood typing diagnostics. Re-
produced from [141] with permission from De Gruyter.

2.5 Evaporating Droplets and the Coffee Ring

The evaporation of a sessile drop containing non-volatile components is a ubiquitous
phenomenon that is present in everyday life and many manufacturing processes. Due
to internal flows and the associated redistribution of constituents, the final dried profile

is generally non-uniform. A variety of profile patterns are possible [190] and the most
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commonly observed is a ring deposition. This is referred to as a coffee ring or coffee stain.
In dilute suspensions this phenomenon produces a distinct ring where almost all the non-
volatile component is transported to the edge. Deegan et al. [191] first analysed these
ring deposits and found they were caused by an outward capillary flow that is required
to maintain a spherical cap shape under non-uniform evaporation conditions. Since this
famous publication, there has been a significant amount of research on predicting and
controlling pattern formation in evaporating droplets. This is evidenced by the quantity

of recent review articles and books devoted primarily to the topic [55, 192-201].

2.5.1 Modes of Evaporation

When a droplet smaller than the system’s capillary length is in contact with a solid
surface, the droplet assumes a spherical cap shape defined by any two variables out of
contact radius, contact angle, height and volume. This is referred to as a two-parameter
spherical cap. This quasi-equilibrium state is reached very quickly and can be consid-
ered instantaneous in the time scale of evaporation in most systems [50]. Evaporation
causes a volume change in the droplet, and therefore causes either contact angle or
contact radius to decrease [202|. Constant contact angle is more often observed in pure
liquids over smooth, hydrophobic surfaces [203] and results in a non-linear evaporation
rate [204]. Complexities such as adsorbed components and physical /chemical surface
heterogeneities [205] cause additional pinning forces that must be overcome for triple
line motion to take place and increase the likelihood of constant contact radius evap-
oration. Due to this, constant contact radius drying modes are common in colloidal
systems [206]. A combination of the two modes is also possible, this is referred to as a
mixed mode when the two occur simultaneously [207] and stick-slip when the two occur
intermittently [208, 209].

2.5.2 Evaporation profile
Stagnant Air

The evaporation profile of a drop in stagnant air is a diffusion limited process as the
time scale of equilibration of the saturated layer is orders of magnitude smaller than the
time scale of evaporation [210, 211|. For diffusion dominated evaporation, the Laplace
equation can be used. By solving this equation over a saturated droplet geometry
and fitting to experimental data, expressions for evaporation profiles in general systems
have been derived [202, 211, 212]. These predictions are generally similar to the historic
equation proposed by Deegan et al. [213] (equation 2.16) where the evaporation rate
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Figure 2.15: Numerical solution of the Laplace equation for several droplets of varying
contact angle. Colour distribution represents mass flux. This demonstrates the uniform
evaporation rate at higher contact angles and non-uniform and lower. Reproduced from
[206] with permission from the Institute of Physics.

diverges at the droplet’s edge. Although surpassed in accuracy by modern predictions

[200], this equation is commonly incorporated in models for its simplicity [214, 215].

E(r) o (1—r)~ (2.16)
T — 20
A= (2.17)

Where E(r) is the evaporation rate as a function of radius (r) and X is a constant
defined by a further function of contact angle (0). The key aspects of this equation are
the diverging flux at the edge and a uniform flux at a contact angle of 7. This is shown
in Figure 2.15, where the results from a numerical solution of the Laplace equation on
droplets varying in contact angle are displayed [206]. The rationale behind an edge
enhanced evaporation profile is there is a lower chance of a particle re colliding with
the fluid at the edge.

Flowing Air

Unsurprisingly, the evaporation around a droplet in flowing air is enhanced significantly
[216]. This is because external flows transport vapour away from the droplet’s surface
faster than would be possible by diffusion alone. The Peclet number (Pe = LU/D)
provides a convenient method of determining the relative importance of diffusion and
convection in a particular system. Where L is a characteristic length scale for the system
(usually the droplet diameter), U is the flow velocity and D is the diffusivity. For large
Peclet numbers the gradient of vapour pressure does not vary over the droplet’s surface
[206], causing a uniform evaporation rate over the whole drop. Routh [206] uses simple
scaling arguments to show that the critical Peclet number required to achieve a non-
uniform evaporation profile in small droplets is so low that it would be very difficult
to achieve in a laboratory environment without very controlled conditions. Therefore,

contrary to the assumption of many previous researchers, most films are likely to exhibit
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uniform evaporation profiles.

2.5.3 Internal Flow

The two primary causes of internal flow in pinned droplets are capillary and Marangoni
effects [198]. Capillary effects are imposed by surface tension where the droplet’s surface
deviates from a spherical cap. In both uniform and edge enhanced evaporation profiles,
a slight curvature is developed at the droplet’s edge causing an outward flow [213, 214|
(Figure 2.16a). This flow carries non-volatile components, which leads to the commonly
observed coffee ring deposit [191]. Similarly, when centrally enhanced evaporation is
present, the same mechanism causes inward flow. Depending on the system, this can

cause a uniform or central deposit to be formed [213, 217].

Marangoni effects are caused by surface tension gradients, which induce surface flows
from regions of low surface tension towards regions of high surface tension. In droplets,
this is usually caused by temperature gradients from evaporative cooling [218]. The
temperature field inside an evaporating droplet is a complex function of the thermal
properties, velocity field, evaporation profile and geometry. These were resolved numer-
ically and analytically to determine the resulting flow field in several studies by Hu and
Larson [218-220]. However, Marangoni flow can be demonstrated simply with a sessile
droplet on a substrate at room temperature. Upon evaporation, the surface of the drop
cools, generating a temperature gradient and therefore the transfer of heat energy from
the substrate. In this example, the substrate is assumed to be an infinite heat source
at room temperature. As the edge of the drop is close to the substrate the temperature
there is higher, and conversely the centre of the drop is cooler because there is a longer
thermal path to the heat source. Most fluids increase in surface temperature upon
cooling, which results in a high surface tension at the centre of the drop and a low
surface tension at the edge, producing recirculating flows (Figure 2.16b). These flows
can influence deposition patterns and either create a uniform or central bump deposit
[218]. Surface tension gradients and therefore Marangoni flows can also be caused by

non-uniformly adsorbed constituents on the liquid-vapour interface [221, 222|.

Many techniques have been proposed to control Marangoni flows in evaporating droplets
to control pattern formation. These include heating and cooling the substrate [223],
changing contact angle [219], using surfactants [221] and drying in an ethanol vapour

environment [224].
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Figure 2.16: Common flow mechanisms in evaporating droplets, a) capillary b)
Marangoni. Reproduced from [198] with permission from Elsevier.

2.5.4 Particle Aggregation

In drying systems containing a non-volatile component, it is common for horizontal
drying fronts to form [225, 226]. These fronts form when the local concentration of the
suspension increases past a critical value that causes the effective viscosity to diverge.
At this point a close-packed or consolidated structure [226, 227| forms in the drier re-
gion. This structure typically forms near the edge of a deposit first due to the higher
rate of evaporation there. Although this region is in most cases rigid, there remains
a volatile component in the inter-particle space which continues to evaporate. This
evaporation causes menisci to form at the liquid-vapor interface, producing a negative
capillary pressure that transports fluid into the formed consolidated region. As only
the liquid component can penetrate, any particles transported by this flow deposit at
the front. At some distance away from the moving consolidated front, viscous losses
surpass the maximum capillary pressure. This is defined by meniscus geometry and
surface tension. At this location evaporation is faster than flow from the fluid region
therefore causing significant drying [226]. This causes a secondary front to form a short
distance behind the consolidated front called the cracking front as there are typically

cracks in this region.

In droplet systems a close-packed region forms very quickly at the edge of the drop and
then propagates inward [228]. This means that at most stages during drying, two clearly
delineated regions exist; a liquid and a consolidated. This consolidated region forms for
two reasons: The increase in concentration caused by evaporation is more significant

where the film is thin [206], and the evaporation-driven capillary flow bringing non-
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volatile components to the edge, which increases the concentration [191, 213]. Once the
consolidated region forms, an outward flow is induced due to the inter-particle menisci
discussed in reference to horizontal drying fronts [225]. This shows that although in-
sightful, analysis based on pure fluids such as those by Hu and Larson [218-220] are
limited. This is because particle aggregation and the resulting inter-particle menisci,
impact flow behaviour significantly. Yunker et al. [229] demonstrated that the coffee
ring effect can be entirely suppressed with only slightly elliptical particles, demonstrat-
ing that particle interaction and packing affects final deposits significantly. Due to this,
the models intended to predict the final deposit profile are generally heavily influenced

by particle aggregation and the progression of the consolidated front.

2.5.5 Predictive Modelling

Many studies use the lubrication theory to predict the height profile in evaporating
droplets as a function of radius and time. Equation 2.18 is derived assuming no
Marangoni forces or vapour recoil. It also assumes that pressure is solely a function
of local curvature, no shear at the free surface, no slip at the substrate and that the
lubrication theory is valid as the drop is thin [230]. Here, it is presented in the form
derived by Fischer [214].
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Where Ca is the capillary number (Ca = %), J is a function giving the evaporation
profile as a function of drop radius, A is the height of the droplets and E is the evapora-
tion number which is a property of the system. This equation in slightly different forms
was used in several studies [29, 215, 231-234] to predict final height profiles as it is a
simple 1D equation for a single unknown and allows the evaporation rate and profile to
be altered simply. Also, this equation allows the simple tracking of the drop interface,
which is not straightforward in more complex methods [235]. This equation is typically
combined with a mass balance equation to define the local concentration and viscosity
of the suspension [215]. The small thickness of thin films means diffusion dominates in
the vertical direction, leading to a 1D mass balance equation. Radial diffusion of the

non-volatile component was considered by Tarasavich and co-workers [29].

This style of analysis also typically includes a threshold concentration above which
the fluid solidifies |29, 215, 232|, therefore providing a criterion with which to track
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Figure 2.17: Predicted dried profiles varying initial volume fraction. Reproduced from
[215] with permission from AIChE.

the consolidated front. There is disagreement on the flow conditions around and inside
the consolidated region. Tarasavich and co-workers [29] assume there is no flow into
the consolidated region, although they acknowledge the presence of evaporation there.
Eales and co-workers [215] use a mass balance at the consolidated front to determine the
flow rate into the consolidated region. They use a scaling factor to represent a decrease
in evaporation rate because of the presence of the non-volatile component. Routh and
Russel [225] assume that the consolidated region is evaporating at the same rate as in
the liquid region and equate the flow into the consolidated region to the evaporation
occurring there. Despite this discrepancy, all conditions produced coffee ring shapes,
and the general trends of decreasing likelihood of coffee ring formation with increased
initial volume fraction, increased diffusion and decreased evaporation from the consol-
idated region [215|. Theoretical results depicting the relationship between final profile

and initial volume fraction are shown in Figure 2.17.

Hu and Larson [218] developed a unique method of predicting final shape of dried
deposits. Here, particles are tracked in a derived flow field including the effects of
Brownian diffusion. Once a particle collides with the substrate, it is assumed to remain
there. The simulation ends when the drop has evaporated entirely and the particle
density on the substrate as a function of radius is measured. This is found to match

experimental results for dried deposits of octane and water (Figure 2.18).

Another notable modelling success was accomplished by Shur et al. [236] where the
deposit left in a stick-slip regime droplet was predicted numerically. This was accom-
plished using simple geometric calculations and specifying two critical height/radius
ratios that correspond to the value that causes the contact line to depin and pin. Re-
sults in Figure 2.19 are found by recording the locations where the contact line was

pinned in simulations as this is general accepted as a requirement for particle deposi-
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Figure 2.18: Numerical predictions of pattern formation based on Brownian diffusive
model in octane and water based particle suspensions. Reproduced from [218] with
permission from the American Chemical Society.

tion [206]. This technique has limitations; it cannot predict the height or thickness of
the deposits. However, it demonstrates a level of predictive power that is impressive

considering the flow field inside the droplet is not resolved.

2.5.6 Other Features

In combination with the redistribution of constituents while in the fluid phase, the final
appearance of a dried deposit is severely influenced by secondary effects that occur in
the later stages of drying [228|. These include cracking, wrinkling and buckling that
all occur because of solid-like interactions during drying. Wrinkling and buckling are
primarily caused by compressive stress and cracking is produced by tensile stress. These
phenomena and their influence on dried patterns have received a lot of attention from
researchers recently and are only briefly discussed here; for more information see re-
views [194, 201].

Buckling and wrinkling are common in evaporating droplets where a skin layer is present
[194]. Skin layers (also called crust and envelope layers) are created due to an accumu-

lation of particles at the droplet’s surface when the evaporation rate surpasses vertical
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(a)

Figure 2.19: Predictions of pattern formation from stick-slip regime droplets. Repro-
duced from [236] with permission from Taylor & Francis.

diffusion, which leads to particles being collected by the moving interface [55, 206, 237—
239]. The relationship between diffusion and evaporation rate is defined by Peclet
number Pe = HE/D. Where H is the vertical height of the fluid film, F is the
evaporation rate and D is the diffusivity of particles. When Pe >> 1 a skin layer
is likely to be formed and vice versa for when Pe << 1. The formed skin is elastic
due to elastocapillarity effects [240|. Further evaporation after skin formation causes
compressive stress, which leads to sudden buckling and wrinkling instabilities. These
are responsible for a variety of complex morphologies [201]. The mechanical properties
of the skin as well as the contact angle and drying conditions can be tuned to deter-
mine final profiles [241-243]. When skin layers have a high rigidity, a cavity or vacuole
is formed inside the skin layer, which produces dried deposits that are hollow [244, 245].

Another common feature of drying suspensions is the formation of cracks. This phe-
nomenon is not specific to droplet systems [206, 246, 247]. The general mechanism of
crack formation in drying systems is by tensile stress caused by the evaporation in-
duced shrinkage of a gelled suspension. This tensile stress is produced from a capillary
pressure due to inter-particle menisci at the liquid-vapour interface [248|. As evapo-
ration proceeds, the menisci recede, causing capillary pressure to increase in strength.
This causes a force of increasing magnitude pulling the particles together. In simple
systems, this causes a decrease in volume, but in the case of a thin film, the horizontal
direction is constrained due to adherence to the substrate. This creates tensile stresses
in the horizontal plane [249, 250]. The only way this stress can be relieved is through
the formation of cracks [251]. This explanation is also used to describe why cracks are

only present above a critical thickness and a minimum adhesion for a given material
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[252]. Predictive modelling of cracks balance elastic energy recovery with the increase
in surface energy corresponding to the creation of the crack face [206, 251]. This is a
standard method used in determining fracture of elastic materials, although non-ideal
properties such as particle deformability, viscoelasticity and non-uniform water content

complicate these calculations for drying particle systems [201, 253-255].

2.5.7 Coffee Rings in Paper

Coffee stains are also observed in paper [256, 257|, where non-volatile components in
stains are transported outwards during drying. This leads to an accumulation at the
edge after drying, which causes stains to have a dark edge on their boundary. This
process has not been studied in detail and therefore the governing mechanisms are
not well understood. However, stains in paper have pinned boundaries and experience
edge enhanced evaporation similar to droplet systems. Due to this, the process is likely
similar to ring formation in droplet systems, although chromatography effects must also
be included. Coffee stains are only observed when the chromatographic mobility of the

non-volatile component in paper is high [257].

2.5.8 Drying Droplets of Biological Fluids

An important application of the patterns left by evaporating droplets is the analysis of
biological fluids for medical diagnostic purposes. This is an emerging field and much
of the previous research has focused on plasma and blood, see reviews [10, 258]. The
potential of this technique to be used for disease diagnostics has been theorised for sev-
eral years [259], and has been found to be representative of many conditions including
carcinoma [260], anaemia, hyperlipemia [2], thalassemia, jaundice [261] and many more
[262].

Much of the previous research in this field has focused on the quantification of crack
patterns; however, other methods have been investigated. Yakhno et al. [262] moni-
tored the acoustic mechanical impedance as a function of time by drying the drop on
the surface of a quartz resonator to identify key differences between blood from patients

with various conditions.

Numerical modelling of both protein solutions [233] and whole blood [29] has been
performed using similar models as previous studies relating to deposit patterns in sim-

ple suspensions. These produced realistic profiles but no detailed comparison with
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experimental measurements have been performed.

Historically, research on drying blood droplets has primarily occurred in the field of
forensics where blood pattern analysis is used to reconstruct crime scenes [132, 263].
However, this research has been heavily application driven and little attention is payed

to the fundamental mechanisms that lead to the observed patterns.

Drying Plasma and Protein Solutions

The drying of a drop of plasma has been studied in isolation and shows distinct dif-
ferences from dried droplets of whole blood and simple particle suspensions. Although
a ring-like deposit is generally observed in these systems [10]|, the presence of pro-
teins, salts and other macromolecules causes significant deviations from typical models
for evaporating colloidal suspensions. Devineau et al. [264] demonstrated that pat-
tern formation could be reliably used to discriminate single point mutation in human
haemoglobin which is responsible for sickle cell anaemia For protein rich solutions, the
mechanism of solidification is a gelation /crystallisation rather than particle aggregation.
Many studies used albumin in an electrolyte solution as a model for plasma/serum as

they produce very similar patterns [265].

Dried drops of plasma and protein solutions are generally characterised by 2 regions.
An outer or periphery region and a central region [266]|, which are identified by different
crack patterns. Although the influence of salt and protein concentration is not fully
understood a strong relationship with pattern formation has been identified [267-272].
This is because of several complex competing mechanisms. Chen et al. [269] argued
that the dependence on salt content is due to a decrease in Debye length, decreasing
the effect of surface charge between individual protein molecules. They also debated
that high salt concentrations cause the early formation of large salt crystals, which
prevent the formation of large-scale protein structures. Buzoverya et al. [271] discussed
the effect of varying protein concentration in regard to different levels of interaction

between molecules, therefore effecting the timing and strength of gelation.

Tarasevich and Ayupova [265] demonstrated theoretically that the high diffusivity of
salt results in a uniform distribution over the whole droplet. However, the compara-
tively low diffusivity of protein molecules means these accumulate preferentially on the
outer edge of the drop. This leads to a relatively high concentration of proteins in the

outer region and a high concentration of salt in the inner region. This difference could
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Figure 2.20: Stages involved in a drying droplet of blood. Reproduced from [2| with
permission from Cambridge University Press.

be responsible for the observed differences in the peripheral and central zones.

Drying Whole Blood

Brutin et al. [2] monitored the appearance and weight of a drying drop of blood. 5 key
stages were observed, which are shown in Figure 2.20. A simpler 3 stage description was
later presented by Sobac et al. [28]. First, according to defined coffee ring mechanisms
[191], a radial flow is developed. This causes the accumulation of non-volatile compo-
nents at the droplet edge. Second, the local concentration in the outer region rises above
a critical value and gels. This gelled 'foot’ splits the droplet into two regions and the
‘compaction front’ that separates these two regions, propagates inwards, similar to what
is observed in simple colloid systems. In this stage, the first cracks form in the gelled
region and the height in the centre decreases linearly. The compaction front steadily
decreases in speed and the end of this stage is marked by the rapid and homogeneous
gelling of the remaining fluid area [28]. The final stage begins after complete gelation
has occurred, when the rate of evaporation has decreased significantly. Evaporation
after this point leads to further shrinkage and cracking. The final appearance of blood
drops shows two clear regions [2|: an outer ’corona’ characterised by regularly spaced

radial cracks and an inner region with more disordered cracks. These two regions can
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be identified in the later panels of Figure 2.20.

Until the late stages, the evaporative flux of blood is identical to pure water and plasma
[2]. This shows that the early stage mechanism of RBC redistribution in drying droplets
of blood is similar to water and plasma. Brutin et al. used the low capillary number
of the blood system to propose that the induced flow is due to Marangoni convection
not capillary transport. However, the source of the surface tension gradients required
to produce Marangoni stresses are not mentioned. Marangoni flows in drying droplets
generally cause a recirculating flow (Figure 2.16b) not the outward flow that is ob-
served in blood drop systems [198]. Also, another study by Hu and Larson confirmed
that there are no Marangoni flows in pure water droplets [218|. Therefore, if droplets
of water and blood exhibit similar drying mechanisms in the early stages, Marangoni

flow is unlikely to contribute.

Evaporation of blood droplets deviates from water measurements in the later stages
because the gelation in the outer region slows evaporation significantly [28]. Sobac et
al. [28] also fit weight measurements to a simple diffusive model and found a good fit
when the evaporative area was decreased at a rate that matched the recorded shrinkage
of the fluid region. This implies that negligible evaporation is occurring in the outer
region once gelation has happened. The appearance of cracks in this region, before
the remainder of the drop gels, also indicates a hindered evaporation as it implies the

maximum capillary pressure has been exceeded [226].

There is a strong relationship between the final appearance of dried blood deposits
and the relative humidity (RH) [273]. This relationship is shown in Figure 2.21 and
is caused by changes in contact angle, spreading extent and evaporation rate. All of
which are functions of RH in both blood and simple colloid systems [273, 274]. Evap-
oration from a droplet of blood follows standard diffusive models for droplet geometry
[218, 273] until a point roughly 65% of the total drying time. At this point, the mass

flux rapidly decreases, indicating a shift to a gelled /porous material [2].

The effect of drying rate on the spacing and orientation of cracks in whole blood de-
posits was investigated by Zeid et al. [275|. It was found that a high drying rate
produces more radial cracks and a low rate results in more disordered cracks. Further
detailed studies on blood [28, 250] identify that the cracking behaviour is caused by

the expected build-up of stress due to the competition between tensile force as the gel
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Figure 2.21: Effect of humidity on pattern formation in dried blood droplets. Repro-
duced from [273] with permission from Elsevier.

shrinks and adhesion to the substrate. However, once initial cracks form, delamination
becomes a secondary mechanism to release stress. This causes the edges of individual
plaques to detach from the substrate, creating concave surfaces. Further cracking can
occur depending on the size and composition of the now individual plaques. This pro-
cess of gradual delamination and further cracking has been studied for specific systems
and is responsible for some very unique drying morphologies in other colloid systems
[276]. This phenomenon also explains the intriguing near circular darker sections that
form in the centre of blood plaques [28]. These dark sections are the regions in which
there is still adhesion between the gel and the substrate, the lighter sections are where

the material has delaminated.

2.6 Summary

The minimisation of surface energy leads to many spontaneous macro-scale phenomena

including the wicking of wetting fluids in porous materials and evaporation induced
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flows in drying droplets. Although interesting from a fundamental perspective, these
flows can also be readily utilised to develop a multitude of low-cost diagnostic devices
ranging in complexity. Capillary flow in paper is caused by a negative Laplace pressure,
developed due to the curved menisci inside the material pores. This flow is regulated
by the geometry of the paper and the characteristics of the porous network. There are
many numerical approaches to predict this behaviour and they can be broadly grouped
into three categories. The first is capillary, where the system is modelled as a collec-
tion of ideal capillary tubes. This technique is the simplest and oldest; however, it is
not suited to complex and more realistic systems. The second, continuum, is where
properties such as velocity and pressure are averaged over length scales much larger
than the pores in the material. This approach leads to computationally efficient predic-
tions, although they rely heavily on the determination of other constitutive equations
for accuracy. The last, pore scale, is where the micro-scale fluid behaviour is included,

typically at the cost of computational complexity.

There is surprisingly little literature characterising the flow of complex fluids in paper
and porous media. Much of the wicking analysis of paper devices has been performed
assuming Newtonian properties of liquids and omitted adsorption phenomena, despite
the complex interfacial and rheological properties of biological fluids being so broadly
quantified and published. Although there has been development in this field for forensic
applications, the empirical nature of this research makes its application to fundamental
studies difficult.

Passive flows in evaporating droplets can also be used for medical applications. Here,
the redistribution of constituents that occurs can produce many different patterns that
are indicative of a variety of conditions. There is extensive literature on the drying of
droplets of simple particle suspensions, typically focusing on the well-known coffee ring
effect. This is the most common pattern that is observed and is caused by an outward
capillary flow that transports constituents to the edge of the droplet. This outward
flow develops due to both the higher evaporation rate at the edge of the droplet and
the effect of surface tension enforcing a spherical cap geometry. The coffee ring effect
is usually regarded as a manufacturing defect; therefore, much of the literature is con-

cerned with its mitigation or suppression.

As cracking patterns are the most identifiable feature of a dried deposit of biologi-

cal fluids, the majority of the previous research on blood deposits have focused on this
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topic. Cracks in drying films result from the release of internal stresses that are devel-
oped due to the shrinking film’s adhesion to the substrate. However, whether they can

be used for reliable diagnostics remains an unanswered question.



CHAPTER 2 — LITERATURE REVIEW 46

2.7 Gaps in Knowledge

This review highlights the many advances in the development of low-cost diagnostics
based on a fundamental understanding of the principles of capillary induced flow in
both paper and evaporating droplets. The review has also identified several significant

gaps in the literature for each topic.

Radial Wicking in Paper

Although wicking from infinite reservoirs has been well quantified in paper, wicking from
finite reservoirs such as sessile droplets remains poorly understood. A key characteristic
of these systems is the effective removal of the reservoir a finite time after wicking
has initiated, which causes a stage transition in wicking dynamics. Previous research
has identified that wicking continues after the removal of this interface due to the
redistribution of fluid from large to small pores. However, several key aspects of the

process are still not understood. These include:
e What determines the final stain size?
e What is the mechanism behind first to second stage transition?

e How does the wicking process differ between biological and simple fluids?

Evaporating Droplets

Pattern formation in evaporating droplets on impermeable surfaces has been analysed
extensively for simple systems such as particles in suspension. However, there is little
theoretical modelling that is compared with experimental results. Also, the effect of
the contact angle formed by the suspension with the surface has not been investigated
rigorously. Deposits left by dried droplets of blood have been characterised in previous
studies. However, there is limited linkage of the fundamental mechanisms with existing

drying literature. These gaps are summarised in the following two research questions:
e What is the effect of the contact angle of the suspension with the surface?

e What are the dominant mechanisms leading to the deposit profile of biological

fluids in evaporating droplets?
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2.8 Research Objectives

The objectives of this thesis are twofold. First, to investigate the fundamental mech-
anism of capillary induced blood flows over two platforms: paper and solid surfaces.
Second, to apply this understanding to develop and engineer novel diagnostics. The

specific aims which form the experimental chapters of this thesis are:

1. To quantify the mechanism(s) determining equilibrium stain size of a droplet on

paper.

2. To analyse and mathematically model the first-to-second stage mechanism and

its relationship to the rate of stain growth from a droplet on paper.

3. To measure the cause of porosimetry hysteresis in paper-based wicking systems
and identify its relationship with the anomalous wicking behaviour of biological
fluids

4. To develop a high throughput, paper-based blood typing technique

5. To develop a fluid mechanics model to describe the effect of contact angle on the

onset of ring formation (coffee ring) in drying droplets.

6. To identify the governing parameters leading to the anomalous deposit morphol-

ogy of a dried droplet of blood

2.9 Thesis Outline

This thesis consists of 7 experimental chapters of which 3 are published and 2 are
submitted in peer reviewed journals. All published papers are reformatted for consistent
presentation and the original publications are given in Appendix A. A summary of each

chapter in this thesis is outlined below.

e Chapter 1 - Introduction
This chapter introduces microfluidics as a technique to create low-cost and portable
diagnostic devices. The importance of spontaneous flows induced by interfacial
phenomena and their applications in both paper and evaporating drop-based di-

agnostics are introduced.

e Chapter 2 - Literature Review

The previous literature on both wicking in paper and evaporating droplets is
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reviewed. The fundamental mechanisms and various modelling techniques for
both systems are discussed, as well as several techniques for controlling the flow
of fluid. Existing blood diagnostic devices and the techniques that are utilised in

each are also noted.

e Chapter 3 - High Throughput Blood Typing

There are many examples of paper-based blood typing diagnostics in literature.
These diagnostics are useful in low-cost point of care applications. However, none
are suitable for large-scale high throughput applications such as hospitals and
blood banks, where thousands of tests are performed every day. This is because
previous paper-based systems are single use tests that are generally not scalable.
In this chapter, a simple, automatable and paper-based method for forward blood
group testing is presented. The test can be performed in under 10 seconds, which
is significantly faster than all other blood typing techniques. Reverse group di-
agnostics and the detection of COVID-19 antibodies are also demonstrated with
this technique.

The main content of this chapter was submitted to ACS Sensors.

e Chapter 4 - Paper-Based Reverse Blood Typing
Reverse typing is required for the safe matching of donor and patient blood and
involves determining the antibodies that are present in the donor’s plasma. Re-
verse testing is demonstrated with the high throughput test introduced in Chapter
3. However, the error rate makes it not appropriate for most blood typing ap-
plications. Here, another paper-based reverse typing method is introduced using
premixed and incubated reagent cells combined with the donor plasma. This
methodology showed a higher sensitivity but requires more time to complete.
Commercial paper towel and a custom made handsheet paper were tested and
both can discriminate test results and demonstrate a significant difference be-

tween slow and fast velocity flows in paper-based agglutination diagnostics.

e Chapter 5 - Equilibrium Stain Size
In this chapter, the governing parameters leading to the equilibrium stain size of
droplets on paper is studied. This was achieved by measuring the stain size of
many fluids varying in viscosity, surface tension and protein content and compar-

ing those to blood and plasma. Liquid physical properties, such as surface tension
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and viscosity, do not affect the final stain size significantly. However, there is a
strong dependence on protein concentration. The predominant effect of protein in
blood on blood stains was identified with contact angle measurements on model
cellulose surfaces. Upon adsorption, blood proteins increase the solid-liquid in-
terfacial energy, increasing the contact angle and therefore reducing the driving

force behind further stain growth.

The main content of this chapter is published as

Michael J Hertaeg, Rico F. Tabor, Gil Garnier. Effect of protein ad-
sorption on the radial wicking of blood droplets in paper: Journal of
Colloid and Interface Science, 528:116-123, 2018

e Chapter 6 - Transient stain growth
The aim of this chapter is to investigate the transient behaviour of a droplet of
a model fluid wicking radially into paper. This is characterised by two distinct
stages; before the droplet has been absorbed and after. The stain area in these
two stages is represented by a power law with time. However, the power decreases
significantly after the stage transition. Here, a numerical model is presented ca-
pable of predicting both of these stages and the transition. The dominant cause
of the stage transition was the effective removal of the droplet reservoir, as well

as a significant porosimetry hysteresis that is introduced in the second stage.

The main content of this chapter is published as

Michael J Hertaeg, Rico F. Tabor, Joseph D. Berry, Gil Garnier. Dy-
namics of stain growth from sessile droplets on paper: Journal of Col-
loid and Interface Science, 528:116—123, 2018

e Chapter 7 - Wicking of Biological Fluids
The stain growth behaviour of biological fluids is significantly different to the
simple fluids discussed in Chapter 6. This chapter identifies the dominant cause
of the anomalous wicking behaviour to be an increased hysteresis severity in these
systems. This was caused by contact angle effects brought about by protein ad-
sorption onto paper fibres. By including these effects, a predictive model of the

radial wicking of a droplet of biological fluids was developed.

The main content of this chapter is published as
Michael J. Hertaeg, Rico F. Tabor, Joseph D. Berry, Gil Garnier. Ra-
dial Wicking of Biological Fluids in Paper: Langmuir, 36:8209-8217,
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2020

e Chapter 8 - Pattern Formation in Blood Drops
This chapter investigates the dominant mechanisms leading to ring formation in
drying blood droplets. This is undertaken to better understand the diagnostic
potential of this process. Optical profilometry measurements are performed on
red blood cell suspensions varying in concentration and protein content. The
contact angle of the suspension with the surface is also varied. A ring is formed
in almost all circumstances and demonstrates significant differences in behaviour
when compared to simple colloidal suspensions. In drying droplet systems, a
consolidated region forms at the outer edge producing a compaction front that
propagates towards the centre. The discrepancy between blood and simple col-
loids is identified to be caused by the consolidated front which slows down and
halts after a short drying time for blood. However, for simple colloids, this front
continues until the centre is reached. This is because in drying droplets of simple
colloidal suspensions, a consolidated region forms at the edge at very early times
and then propagates inwards until the centre is reached. For blood, this front
halts a short time after drying has begun. Possible causes of front slow-down
in blood are investigated including: increased viscous losses in the consolidated
region due to particle deformation, decrease in maximum capillary pressure due
to gelled proteins accumulating at the solid-liquid interface and poroelasticity due

to gelation in the central region.

e Chapter 9 - Predictive Modelling of Coffee Rings
Although there has been significant research into drying droplets, the fundamen-
tal mechanisms that lead to pattern formation are not well understood. Before
pattern formation in drying blood droplets can be comprehensively modelled,
simpler colloidal systems must be studied further. In this chapter, a numerical
model is presented for predicting ring formation as a function of contact angle and
initial volume fraction. Results are in broad agreement with experiments using

polystyrene particles.
The main content of this chapter was submitted to Physical Review Letters.

e Chapter 10 - Conclusion
The final chapter summarises the contributions of this thesis and provides per-
spective on the place of this research in the fields of paper-based diagnostics and

evaporating droplets on impermeable surfaces.
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Chapter 3

High Throughput Blood Typing

Preface

In this chapter, a new and scalable paper-based blood group test is introduced based
on the radial wicking of a droplet. The stain growth rate and final size are analysed
to determine the presence or absence of agglutination after combination with different
antibodies. This test introduces stain analysis as a simple and informative measure of
fluid properties. This technique shows high reproducibility and sensitivity for forward
blood group testing and for reverse testing is also demonstrated. This chapter contains a
submitted manuscript and an appendix section where the concept developed for reverse
testing is used with functionalised red blood cells to detect COVID-19 antibodies in

patient plasma.
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Abstract

Paper-based diagnostics are leading the field of low-cost, point of care diagnostics. How-
ever, large scale testing facilities such as hospitals are still primarily using the gel column
agglutination technique. This is because paper-based systems are single use tests that
are generally more time consuming and less automatable than traditional methods.
Here, we present a novel, rapid and scalable, paper-based blood typing method that
can produce test results in under 10 seconds. We believe this is the fastest blood typing
test. The test consists of placing a drop of antibody solution on paper, followed by a
drop of blood on the same locus, and measuring the evolution of blood stain area as a
function of time. Positive reactions for both forward and reverse tests have significantly
slower growth rates and smaller final stain sizes when compared to negatives. We anal-
yse the effect paper type, red blood cell concentration, antibody specificity (A, B and
D) and antibody concentration have on the diagnostic sensitivity and reproducibility. A
high sensitivity is found in papers with a low density and thickness. The optimum red
blood cell concentration is determined from a balance between wicking rate, strength
of reaction and optical contrast. A and B antibodies give more sensitive results than
D; however, the D antigen can still be successfully identified. This technique has the
potential to significantly cut down the time and cost (both initial and ongoing) of blood

typing tests and enable design of a new high throughput and fully automatable system.
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3.1 Introduction

Blood transfusion is a common medical procedure required in the treatment of major
haemorrhages, cancer and complications during birth. Before each transfusion, blood
typing or grouping is performed to ensure the donor’s blood is compatible with the
patient. Of the many blood types, the most clinically relevant are A, B and D [1].
These types correspond to the presence of specific antigens that exist on the red blood
cell membrane. The O blood type is simply the absence of A or B antigens. Blood
also contains antibodies in the plasma phase. Exposing red blood cells (RBC) to any
specific antibody leads to a series of events. First, the antibody adsorbs onto its spe-
cific antigen, located on the membrane of the RBC. Second, should the antibody be an
Immunoglobulin M (IgM), RBC agglutination directly proceeds. IgM antibodies are
large star shape pentamer immunoglobulins, commonly used for A, B and D typing
[1]. They are able to bind multiple RBCs into agglutinates by overcoming the cell-cell
electrostatic repulsion; this is because the radius of IgM antibodies is higher than the

Debye length of a red cell |2, 3].

Hundreds of typing tests are required every day in medical centres. These are usu-
ally performed in large scale laboratories using automated processes. A large range of
techniques can be used, including spin-tube [1|, microplate [4], flow cytometry [1], gel
column [5], microfluidic methods [6, 7| and many more [8]. Despite significant advances,

this step remains an expensive and time-consuming process.

Most typing methods are based on the detection of specific antibody-antigen reactions.
Diagnostics operate by detecting and reporting this agglutination (positive) or this lack
of agglutination (negative) using various principles. Many tests detect RBC agglutina-
tion by measuring the corresponding change in rheological properties. However, most
tests take between 5 and 10 minutes to complete and require sensitive and expensive
equipment such as a centrifuge or pump that makes the remote application of these
tests impractical. This limitation has created interest in paper-based methods that can
be done in remote locations and with minimum training and equipment. Paper-based
diagnostics take advantage of passive flows that occur spontaneously when a wetting
fluid comes into contact with a porous material. This process has been studied in detail

for simple fluids and has been applied to biodiagnostics in a variety of ways [9-14].
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Figure 3.1: Schematic representation of the mechanism behind the kinetic wicking blood
typing. RBCs flowing through paper when (a) individualised (high mobility) and (b)
agglutinated (low mobility). (c) image of the torn edge of Whatman 41 filter paper,
inset shows human RBCs at the same magnification.

Different paper-based blood typing methods have been developed. Most involve spot-
ting a droplet of blood onto paper previously soaked in an antibody solution. The area
is then flushed with saline, whether by direct application [15-19] or with an elution
bath [3, 20-23]. The saline in this system serves as a carrier fluid that transports RBCs
away from the initial stain. If the cells are agglutinated, there is significant resistance

to this transport. This mechanism is illustrated in Figure 3.1 where individualised and
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agglutinated RBCs are sketched in a paper fibre matrix. An image of filter paper fibers
showing the relative size of human red cells is represented in Figure 3.1c. Agglutination
occurs due to reaction with both antibodies free in the bulk solution and adsorbed onto
the paper fibres [17]. This causes the difference between a positive and negative reaction
to be easily seen by eye. This style of test is useful for low-cost point of care diagnostics
as they give clear and robust results. However, current paper diagnostics are all multi
step processes that are difficult to automate and are therefore, not practical for high
volume applications. Khan et al. [2] developed a method where a blood droplet was
deposited onto a strip of paper soaked in antibody solution. The final wicked length
was shorter after a positive antigen-antibody reaction had occurred. Although this
result is not as clearly seen by eye as other paper-based methods, this demonstrates
that a washing step is not required to produce accurate results. These observations also

suggest that the kinetics of the wicking process can be insightful.

In this study, we aim to quantify the kinetics of antibody-RBC stain formation for
blood typing diagnostics. Previous studies have solely focused on the final appearance
of stains and ignored the kinetics and mechanism of stain growth from 2 sequential
droplets on paper. We develop a new but simple, two drop methodology and analyse
the stain growth kinetics. We raise the hypothesis that the wicking kinetics can pro-
vide a clear and reproducible difference between positive and negative RBC-antibody
reactions after a short wicking time. We hope this difference can be used to engineer a
robust blood typing diagnostic device, where the size of the stain seconds after blood
deposition is indicative of test results. Such a concept could lead to an automatable
and scalable diagnostic that would be significantly faster than any current method.
This methodology also has the potential to be generalised to the detection of any IgM
antibody-antigen reaction. This study investigates the effects paper type, RBC concen-
tration, forward/reverse tests, antibody specificity, antibody concentration and drop

size have on the kinetics of antibody-RBC stain size for positive and negative systems.

3.2 Methods

To perform tests, a pipette was used to manually deposit a droplet of antibody solution
onto a paper surface suspended horizontally. After a 10 second delay a droplet of RBC
solution is deposited in the center of the antibody stain. A timer was used to keep delay
consistent. The evolution of the blood stain size as a function of time was captured

by a bottom mounted Point Grey Flead camera shooting at 120 frames per second. A
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shortpass filter with a 600 nm cutoff wavelength filter was purchased from Thorlabs and
was held in the optical path to selectively image the growth of blood rather than that
of the antibody solution. The area of the stain in each image was determined with an
ImageJ macro script. This involved determining a threshold intensity to binarise the
image. The intensity was determined manually for each set of experiments. However,
the intensity was kept constant between positive and negative samples on the same
paper and at the same concentration. The fill holes and analyze particles tools were
then used to identify the area of the largest individual object in the image. The scale
of the image was determined by placing a ruler in the same focal plane as the imaged

paper and measuring the mm/pixel ratio.

A schematic of the test methodology is shown in Figure 3.2. RBC solutions are
made with whole blood provided by the Red Cross Australia with EDTA anticoag-
ulant. RBCs were washed 3 times by centrifugation, removing the supernatant and
then re-suspending in phosphate buffered saline (PBS). The pellet left after centrifu-
gation was assumed to be 100 vol% cells. This was combined with more PBS to the
required concentration. PBS solutions were used instead of whole blood as protein
content was shown to influence wicking in paper |24, 25]. Antibody solutions used in
tests were monoclonal grouping reagents; B and D solutions were purchased from Im-

mulab, where A was purchased from Sequris. Tests were completed on two types of

' ' . Positive Small area
Droplet of antibody Droplet of patient blood Take photo q .
X 4

£
Bl

Negative Large area

Figure 3.2: Methodology for stain monitoring. 1) - A droplet of antibody is placed on
paper. 2) - A droplet of patient RBC is placed at the same location after a specified
time. 3) - Camera records stain growth dynamics.

paper; Whatman 41 filter paper and Kimberly Clark Scott hand towel (4419). Each
paper was tested with A and B antibodies using cell solutions at 45%, 30% and 15%
concentrations by volume. For A and B tests (Figure 3.3 and 3.4); red blood cells from

six donors, (3 of type A and 3 of type B) were washed in PBS and tested.
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Tests with D antibodies were performed only on paper towel and at 45% concentration
(Figure 3.5). This test used blood from 6 donors (3 of D positive, 3 of D negative) and

were prepared in the same manner as the tests describes with A and B antibodies.

Reverse group tests were performed using patient plasma in the place of an antibody
solution. This was prepared by collecting the supernatant (plasma) after the first cen-
trifuge of the blood washing process. RBC solutions were prepared in the same way as
other tests. 6 samples of blood where used (three of type A and three of type B). Each
RBC solution was tested twice, once with a sample of A type plasma and once with B,

giving 12 measurements in total (Figure 3.7).

Most forward group tests were completed with 10 pL of antibody solution and 10
nL of RBC suspension. However, clearer results were found in reverse group tests using
20 pL of antibody solution and 10 pL of RBC suspension. Tests with D antibody tests
were completed with both methods (Figure 3.5).

Dilution experiments were also only completed on paper towel and at 45% RBC con-
centration for the two different antibody droplet sizes, 10 nL. and 20 pL. These were
performing with diluted A antibody solutions in PBS. Each dilution was tested six times
with blood from 6 different donors for each dilution (three positive and three negative).
The critical dilution over which there was no longer a clear distinction between positive
and negative results was recorded. A dilution experiment using the same antibody con-
centrations using a traditional gel card test was also completed. This was performed
with 0.8 vol% concentration of washed cells in PBS, a Haemokinesis neutral gel card
and centrifuging at 1270 relative centrifugal force for 5.5 minutes. Three replicates were

tested using RBCs from different donors.

3.3 Results

The kinetics and final stain area are investigated by varying RBC concentration, anti-
body specificity, antibody concentration and paper structure. Here, an antibody droplet
is first deposited on paper and allowed to wick for 10 seconds. A droplet of RBC sus-
pension is then deposited on the same locus. The time interval between deposition of

the two droplets is kept constant in this study.

Figure 3.3 shows the evolution of stain area as a function of time for droplets of 3
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different concentrations for type A and B red blood cell (RBCs) suspensions on What-
man 41 filter paper. Four systems are studied: A RBCs spreading on A (positive)
and B (negative) antibodies, and B RBCs on A (negative) and B (positive) antibodies.
Three replicates are shown for each case. The stain reached equilibrium size typically
in around 5 sec, always within 10 sec. The consistent scale used in Figure 3.3 shows an
inverse relationship between concentration of RBCs and stain area. The droplets with
the higher RBC concentrations also wick slower. The lower RBC concentrations dis-
play a clear difference between positive and negative results indicating a successful test.
However, at 45% RBC concentration, filter paper is not able to discriminate a positive
from a negative test. Here the variation between tests is dominated by experimental
error. There is a slight decrease in stain size at the later times for the positive 15%
case. This is because the stain partially lightens or degrades at the later times, leading
to a decreased stain size as calculated by the constant intensity threshold algorithm

used to analyse images.
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Figure 3.3: Effect of red blood cell concentration and type/specificity of antibody
on the evolution of the stain size with time of blood droplets spreading on a
filter paper (Whatman 41) previously wet with anti A or anti B antibody. Positive
and negative test were performed 3 times; in some cases variability was less than the
thickness of a line and is therefore hidden.

Figure 3.4 shows the results of the same test but performed on paper towel. The stain
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size and growth rate for this paper is much higher than for filter paper. Here, there
is clear separation between positive and negative tests in all cases. Tests at 15% RBC
suffered from contrast issues particularly at the later times. This is partially due to the
stain lightening that occurs at the late times in all papers, and partially due to contrast
issues that are present in paper towel because of the increased profile roughness. This
can be seen in the noisy data at the later times in Figure 3.4. Contrast issues are only

present at low RBC concentrations as the colour is much weaker.
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Figure 3.4: Effect of red blood cell concentration and the type/specificity of antibody on
the evolution of the stain size with time for blood droplets spreading on a paper towel
previously wet with anti A or anti B antibody. Positive and negative test were performed

3 times; in some cases variability was less than the thickness of a line and is therefore
hidden.

The absorption properties of 100cm? samples of filter paper and paper towel were
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Table 3.1: Paper properties for 100cm? samples

0.D Wet Dry Wet Dry Water
Paper Weight Weight Thickness Thickness | Density | Capacity
(8/m? £ SD) | (g/m?=SD) | (m=SD) | (m£SD) | (kg/m?)| (g/m?)
Towel | 25.6 £ 0.3|24] | 55.4 + 1.8[24] | 98 4+ 2[24] | 76 + 2[24] 261.0 29.8
Filter | 85.4 £+ 0.7 [24] | 180.9 £ 2.1]24] | 226 + 5[24] | 218 + 5[24] | 391.6 95.5

measured using TAPPI standards and presented in our previous study[24]. The findings
are reproduced here and summarised in Table 3.1. Paper dry density is calculated using
the oven dried (O.D) weight and the dry thickness. Water capacity is calculated by
subtracting the wet and dry weights. Filter paper is significantly denser and thicker
than paper towel, leading to a higher water capacity.

Figure 3.5 displays the evolution of stain size as a function of time for a 45% RBC
suspension on paper towel with D (IgM) antibodies. Two methods are compared,
using droplets of 10 pL. and 20 pL antibody solution but with the same volume of
RBC suspension. Although there is a small difference in the variability, both tests can
discriminate a positive from a negative result. Both positive and negative stains spread
significantly further and faster than those tested with A or B antibodies.
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Figure 3.5: Tests with 45% RBC for the D antigen was performed with (a) 10 pL and
(b) 20 uL drop of antibody solution. Each test was performed 3 times, in some cases
variability was less than the thickness of a line and is therefore hidden.

A dilution experiment was also performed using A antibodies to assess the sensitivity
of the test. This compares the effect of antibody volume/ratio. Figure 3.6 displays the
evolution of stain size with time for dilution experiments for droplets of 10 pL. antibody
solution at 4 different antibody dilutions 1:2, 1:8, 1:16, 1:32. Figure 3.6a shows the
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difference between positive results at each dilution. As expected, the stain size is
larger with a more severe dilution. Figure 3.6b displays the difference in negative tests
between dilutions. These results follow the same trend as the positives, where a lower
concentration of antibodies produces a larger stain. Despite this, a separation between
positive and negative results was found consistently in all tests down to a dilution of
1:8. A dilution test was also performed with the second protocol where a 20 pl. droplet
of antibody solution was used. This yielded similar finding where a reliable result was
found down to a dilution of 1:8, indicating the same sensitivity. The critical dilution
of a traditional gel column test using the same antibody solution was also performed
(Figure 3.6¢). The gel columns indicate a positive reaction when RBCs are present at
the top of the column and negative when the RBCs are at the bottom [5]. Therefore,
the sensitivity can be determined by identifying the threshold antibody dilution over
which a false negative is found. The critical dilutions for the gel card test were 1:256,
1:256 and 1:512 for the three samples of RBC tested.
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Figure 3.6: Stain growth evolution for tests with (a) positive and (b) negative reactions
with serial dilutions of antibody. Each dilution is tested 3 times, in some cases vari-
ability was less than the thickness of a line and is therefore hidden. (c) test performed
using serial dilutions of the same antibodies using the gel column technique.

Robust blood typing involves forward testing, (detecting antigens on RBCs), combined
with reverse testing (detecting antibodies in plasma). Figure 3.7 displays the results
of reverse group tests performed using 20 pL droplets of patient plasma and 10 pL
of 45% RBC solution. Figure 3.7 combines the results from 4 systems: A plasma
with A RBC (negative), A plasma with B RBCs (positive), B plasma with B RBCs
(negative) and B plasma with A RBCs (positive). The stain sizes and growth rates
of reverse group tests are larger than those from forward group tests with commercial
antibodies. Although some overlap exists, it is clear that positive and negative results
have different stain sizes on average. A two sample T-test performed with stain areas at
27 seconds shows a statistically significant difference between the positive and negative
samples (P = 0.028). This demonstrates potential for this test. However, optimisation
of paper structure and RBC concentration is required to perfectly segregate positive

from negative with no overlap.
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Figure 3.7: Stain growth evolution for reverse blood typing test.

3.4 Discussion

This study aims to develop a rapid blood typing diagnostic that can easily be scaled up.
We raised the hypothesis that there is a difference in wicking kinetics of blood in paper
wetted with specific (slow kinetics) and non-specific (fast kinetics) antibody. Measuring
this difference could lead to a fast, reliable and reproducible diagnostic. This concept
can provide an attractive alternative to existing large-scale blood typing systems due

to its faster speed of detection and possible cost benefits.

3.4.1 Reproducibility

Reproducibility of results is critical as the variability between replicates must be well
below the difference between a positive and a negative test. There are several sources
of inconsistency in this experiment that affect results. As each replicate was performed
with blood from a different donor, stain growth is expected to be slightly different.
This is because there are many inconsistencies in blood taken from different individuals
[26, 27]; these include RBC concentration and biochemistry (protein levels, hormones,
cholesterol/lipids, ionic strength). However, wicking of blood on the same paper but
without the presence of antibodies is quite reproducible |24, 25|. The discrepancy here
may be caused by differences in antigen expression between individuals or by the man-
ual method used here to deposit droplets. Differences in antigen density or expression

in the RBC membrane affects binding strength and rate, therefore affecting agglutinate
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size [28, 29]. The hand pipette method selected introduces some variability in the rel-
ative position and timing of successive droplets. Each of these individual causes will
influence stain area values and compounds errors. It is also a challenge to deliver each
blood droplet at the same rate. These issues would disappear in a fully automated

blood diagnostic device as the deposition of droplets would be completed precisely.

Despite slight reproducibility issues with the simple methodology used, forward group
test results are shown in under 10 seconds after the deposition of the RBC solution for
A, B and D antibodies. Stain growth evolution of positive results generally reaches a
plateau very quickly while negative tests continue to spread for longer. This difference
highlights the chromatography-like mechanism which was introduced for paper-based
blood tests by Khan et al. [2]. The increase in particle size due to agglutination
causes an increased extrinsic viscosity of the suspension and a higher likelihood of
physical blockages forming in the paper network (Figure 3.1). This causes resistance
to the movement of RBCs and bulk solution, which leads to decreased wicking and a
chromatography-like separation of agglutinated RBCs. Phase separation was not de-
tectable here due to the paper already being wet with antibody solution. To increase
test sensitivity the area difference between positive and negative results must be max-
imised. Here, 5 variables are investigated: paper type, forward/reverse testing, RBC
concentration, antibody specificity and antibody concentration. Each of these variables

are analysed below.

3.4.2 Reverse Typing

Figure 3.7 shows that variability between reverse tests is currently too high and sensi-
tivity too low to reliably test reverse groups with the current method. However, it is
clear that positive and negative results on average present different stain sizes, show-
ing the potential of the method. With further optimisation to increase sensitivity and
decrease variability, reverse testing may be improved to the level needed for safe blood
banking. Reverse blood typing was previously accomplished on paper using the elution
method [20, 23]. This produced reliable results and is useful for small scale and remote
application. However, the requirement of separate reaction and elution steps, make
these tests difficult to scale up. Also, the total time required for these multistep pro-
cesses is comparable to conventional testing methodologies. While not yet optimised,
the kinetic diagnostic introduced here has the potential to be faster and simpler than

all previous reverse group tests.
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3.4.3 Paper Type

The exact effect of paper structure and property is difficult to predict as the dynamics
of a droplet soaking radially into paper is a complex process. The radial wicking of
a single droplet of simple and biological fluids was discussed and modelled elsewhere
[25, 30]. However, the radial wicking of a subsequent droplet has never been studied.
Despite these complications, the Lucas-Washburn equation [31, 32| provides a simplified

model of wicking in a saturated linear system that can be used to demonstrate the effect

I — [tyrcost (3.1)
21

Where t is time, -y is surface tension, @ is contact angle, p is viscosity, r is average pore

of paper type on wicking length.

radius and L is the wicked length. This equation demonstrates how a change in viscosity
produces a change in wicked length and therefore affects the primary mechanism of the
studied test. To increase sensitivity the effect of changing viscosity must be maximised.
The high density of filter paper (Table 3.1) indicates that it has a lower porosity when
compared to paper towel. The Lucas-Washburn equation simplifies paper structure to
a single variable (r) that is representative of the average pore size. Although in reality
there is a distribution of pore sizes (Figure 3.1), the value of r can be shown to increase

with porosity.

The large thickness and water capacity of filter paper also decreases wicked length
due to volume conservation. This analysis provides a simple explanation of why dense
and thick papers such as filter paper have a decreased wicking length, and therefore a
lower sensitivity. The same trend with paper properties is observed in elution [3| and
flow through [33] style paper-based blood tests. The wicked area from many different
fluids on these two papers are presented elsewhere [24, 30| and indicate the expected

trends in wicking rate and length for paper towel and filter paper.

3.4.4 Red Blood Cell Concentration

Sensitivity is also determined by RBC concentration. The effect RBC concentration
has on the wicking of blood droplets in untreated paper was studied previously|25, 34].
An increased RBC concentration causes a decrease in wicking length. This is due to a
combined effect of an increase in viscosity with haematocrit, a decreasing surface ten-

sion and an increased pinning effect. When analysing paper type the highest sensitivity
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was found when the fluid had the greatest wicking length. This analysis implies that
the lowest concentration of RBC will be optimum. However, a very low concentration
of RBCs will not have enough contrast for the stain boundary to be detected accurately
by image processing. To overcome this, a dye or other visualisation aid could be incor-
porated, or a more sophisticated image processing algorithm implemented. However,
there is still a lower limit to the test as a very low concentration does not have enough
RBCs to make their agglutination induce significant rheological change. Therefore, se-
lecting the optimum RBC concentration for a test involves a balance between wicking
rate, strength of agglutination and contrast. The location of this optimum is dependent
on paper type. This balance is achieved somewhere around 15% concentration for filter
paper. However, with the significant increase to wicking rate and length seen in paper
towel this is increased to above 45%. With current analysis, contrast is lost before
results are affected by a lack of RBCs.

3.4.5 Antibody Specificity

All tested antibodies were able to distinguish a positive from a negative result. Although
a general trend of increased sensitivity with increased wicking length was seen with
other parameters, D antibody tests had the lowest sensitivity despite their large wicking
lengths. See change of horizontal and vertical scale between Figure 3.4 and 3.5. As
the antibody solutions used are commercial products, their exact compositions and
concentrations are not known. Although they likely contain a combination of proteins,
salts and preservatives. As the wicking lengths of D tests are larger than A or B in
both positive and negative cases, this discrepancy is likely caused by differences in the
avidity or concentration of the antibody solutions. The decreased sensitivity of D tests
could be also caused by a decrease in antigen strength or density when compared to A
or B.

3.4.6 Antibody Strength

Dilution experiments were performed using serial dilutions of A antibody solution in
PBS. Figure 3.6 shows that there is an inverse relationship between antibody concen-
tration and stain area. This trend is also observed, but to a lesser extent, for negative
results where no agglutination is present. This relationship with antibody concentration
for negative results is expected as a previous study showed the presence of protein to
cause a decrease in stain area [24]|. This was due to an increased contact angle because

of protein adsorption. The variation of negative tests with antibody concentration could
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lead to misinterpretation, as Figure 3.6a suggests that the positive test show variation
between concentrations down to a dilution of 1:32. However, the variation of stain size
with antibody concentration in the negative test (Figure 3.6b) shows that stain size is
not solely determined by agglutination. The test is successful only if the stain size of a
positive test is consistently lower than a negative. This occurs with antibody dilutions
at and above 1:8 for both 10 pL. and 20 pL. droplets of antibody solution, indicating

that both volumes of antibody solution produce tests of identical sensitivity.

Comparison with gel column tests in Figure 3.6¢ indicates that although the method
proposed here is significantly faster than traditional methods, it has a much lower
sensitivity. This is likely the reason that reverse tests were not fully reproducible. An-
tibody concentration and binding strength varies significantly between individuals and
although the test methodology can detect the presence of strongly expressed antibodies,

weak ones are missed.

3.5 Conclusion

The identification of red blood cell antigens for blood typing is an everyday process
performed at high volumes in hospitals and blood banks around the world. In this
study, the evolution of wicked stain area from red blood cell suspensions on paper wet-
ted with an antibody solution was monitored for a series of specific and non-specific
antibody-RBC systems. The test concept relies on an increase in the effective viscosity
of the suspension and a chromatography-like separation of red blood cells in aggluti-

nated samples.

A clear and reproducible difference was observed between positive and negative re-
actions for all forward group tests for type A, B and D on paper towel and for lower red
blood cell concentrations on filter paper (requires dilution). Positive/negative results
are achieved within 10 sec. Low paper density and thickness were found to increase
sensitivity. Optimum red blood cell concentration was dependent on a balance between
wicking rate, strength of reaction and optical contrast. Potential for reverse group test-
ing is also demonstrated, although currently, sensitivity is insufficient to detect weakly

expressed antibodies.

The kinetic paper-based test presented here is significantly faster than any method

currently in use. Due to the simple methodology, this technique can be easily scaled
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up to produce a high throughput system capable of handling the demands of a modern
blood banking facility. This device would function similarly to an office inkjet printer
where a drop of antibody is deposited onto the paper and shortly after, the RBC sus-
pension at the same location. Within 10 seconds of the RBC deposition, a single photo
could be taken and analysed to determine the size of the stain and therefore the presence
of agglutination. The ongoing costs associated with this technique would be very low as
each test only consumes 10 pL of antibody solution, 10 nL of patient RBC suspension
and conservatively 10cm? of paper towel. The introduction of such a low-cost device can
increase access to blood banking equipment as well as save considerable time, resources

and lives.
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3.8 Appendix - Rapid COVID-19 serology test

During this doctoral candidature, the COVID-19 pandemic, caused by the SARS-CoV-
2 virus, has caused significant disruption to global populations. As of August 12, 2020,
there are more than 20 million confirmed cases, and over 700,000 deaths globally asso-
ciated with the disease [1]. Since the outbreak, there have been many new diagnostic
techniques proposed to detect SARS-CoV-2 infection [2-4]. These diagnostics test for
active viruses (PCR), their antigens, or the antibodies (IgM and IgG) realeased by the
body as immunologic response which can be used to diagnose patients. Serology tests,
that detect the presence of SARS-CoV-2 antibodies are critical for rapid and global pan-
demic management in a population as well as to study the body’s immune response |[5].
The most common method for serological testing is laboratory-based indirect enzyme-
linked immunosorbent assay (ELISA) [6]. However, this process is not suited to high
throughput application because it is time consuming, difficult to perform and requires
many different antigens and reagents. To address this, researchers at Monash University
developed an agglutination assay by binding a peptide-antibody bioconjugate onto the
membrane of red blood cells [7]. These funtionalised cells cross-link and agglutinate in
the presence of plasma containing SARS-CoV-2 antibodies. A gel column agglutination
test could then be used to quickly and easily determine the presence of SARS-CoV-2

antibodies in patient plasma.

Here, the same functionalised cells used by Alves et al. [7]| are selected and incor-
porated into the testing methodology introduced in this chapter to create a rapid and
automatable diagnostic for SARS-CoV-2 antibodies. Human plasma or serum samples
were provided by Monash Pathology and the Australian Red Cross Lifeblood, obtained
with written informed consent in accordance with the recommendations of Blood Ser-
vice Human Research Ethics Committee (BSHREC) and the Monash University Human
Research Ethics Committee (MUHREC).

Figure 3.8 shows the evolution of stain area as a function of time of functionised RBCs
spreading on paper wetted with patient plasma samples donated by confirmed SARS-
CoV-2-positive and negative patients. Functionalised cells were washed and combined
with PBS at 45% concentration. A 10 pL droplet of RBC suspension was deposited
10 seconds after plasma droplet in an identical process as in the reverse blood typing
tests presented in this chapter. Two plasma droplet sizes were tested, 10 pL. and 20

pL. Both tests are shown in Figure 3.8 and display comparable sensitivity. Results in
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Figure 3.8: Spreading of functionalised RBC suspension on paper wet with patient
plasma. Positive tests were completed using plasma from confirmed SARS-CoV-2-
positive patients.

Figure 3.8a were gathered using positive samples from 3 individuals, 1 of these samples
was tested twice to make 4 replicates. This was compared with 4 negative samples from
4 different individuals. Results in Figure 3.8b were gathered by testing a single positive
sample 3 times and comparing this to 3 different negative samples. With both plasma
droplet sizes used, there is a clear average difference in stain size between the positive
and negative tests. However, the variation due to agglutination is not large enough to
overcome the variability between samples in all cases. Despite sensitivity issues, this
is the fastest SARS-CoV-2 serology test and can be easily automated and scaled up.
With further development, this technique has the potential to drastically reduce testing

time and cost.
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Chapter 4

Paper-Based Reverse Blood Typing

4.1 Introduction

In chapter 3, a rapid paper-based reverse blood group test was demonstrated. However,
the sensitivity must be improved before it can be used in medical applications. Here, an
alternate paper-based agglutination diagnostic to detect reverse groups is introduced.
This test is capable of sensitively and accurately performing reverse group tests by
depositing a pre-combined and incubated droplet of red blood cells and plasma onto
paper. Results are determined by the appearance of stains 3 minutes after deposition,
making this test much slower than the high throughput technique introduced in chapter
3. However, the test presented here remains simple enough to be automated and shows
a high reproducibility and sensitivity with manual methods. An image processing algo-
rithm was also developed capable of identifying results from an image of the stain. Two

types of paper are compared, the paper towel used in chapter 3 and a custom handsheet

paper.

4.1.1 Method

Patient plasma was separated from whole blood donations from the Red Cross Aus-
tralia with EDTA anticoagulant by centrifugation. This was was combined with an
equal amount of undiluted reagent red blood cells. The reagent cells used were Secura-
cell reagent purchased from Imulab; the exact concentration and components in these
are not known. However, the appearance and behaviour is similar to whole blood imply-
ing a similar RBC concentration. The plasma and cells were mixed by shaking lightly
in a 1.5 mL tube and incubated at approximately 4°C for 7 minutes. This temperature

was achieved with an iced insulated box. The plasma, reagent cells and empty tubes

103
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Figure 4.1: Test methodology. 1) - plasma and reagent cells are combined. 2) - mixture
is incubated at approx 4°C. 3) - 20 pL droplet is deposited on paper. 4 - After 3 minutes
results can be identified. Ring stains in figure correspond to paper towel tests.

were placed in a rack resting on top of the ice 10 minutes before tests were performed.
Reactants were combined in a pre-chilled tube and then returned to the ice box for
the incubation period. The temperature at the location of the tubes in the rack was

measured with a thermometer.

After incubation, 20 pL of the cell-plasma mixture was then deposited onto paper
and after 3 minutes, a photograph was taken of the stain. All tests were performed
at 23°C 50% relative humidity. Figure 4.1 depicts the test methodology. 2 different
papers were used with this method, Kimberly Clark Scott hand towel (4419) and a 30
grams per square meter custom paper made with a British Handsheet Maker. This
paper was engineered to have a very slow initial wicking rate, but a large final wicked
area. The paper was made using NIST hardwood pulp and 10 mg/g Nopcobond 1213
PAE (polyamidoamine epichlorohydrin) wet strength agent. Tests on paper towel were
repeated using plasma from 3 different individuals from each blood group (A, B, O) and
each test was repeated twice. This meant that 18 tests were completed with plasma
from 9 different donors. For handsheet paper, 2 different plasma samples were tested
for each blood group and each sample was tested twice, making 12 tests in total from

6 different donors.

4.2 Results and Discussion

Due to antibodies that are present in plasma [1], a positive agglutination reaction was

expected when A type cells were combined with either B or O type plasma, and when
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B type cells were combined with either A or O plasma. The 9 images in Figures 4.2
and 4.3 show every combination of red cells and plasma for 3 blood groups (A, B and
O) on both papers. A clear difference between positive and negative results can be
identified on both papers; although, each displayed results very differently. For paper
towel (Figure 4.2), a negative result for A, B and O blood is identified by the presence
of a dark ring around the outside of the stain. I,,;q and p,,., are quantitative parame-
ters determined by an image processing step discussed in section 4.3. A positive result
is indicated when the position of maximum intensity (pq..) is below 0.8 or when the
normalised intensity of the midpoint is above 0.8. For handsheet paper (Figure 4.3),
agglutination causes a severe chromatographic separation of RBCs from the diluent,
which is clearly observed 3 minutes after droplet deposition. This observation is consis-
tent across A, B and O blood types. Repeated experiments using plasma from different
donors produced slight variation in both papers. However, this difference was small
enough for results to be readable by both eye and image processing in all but one of
the 15 tested plasma samples. The one erroneous plasma sample demonstrated false
negative results for all replicates on both papers (not shown). This error is likely caused

by weak antibody expression which is a persistent complication of reverse testing [1].
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A cells B cells O cells

A plasma
Imid = 0.70 Imid =0.81 Imid =0.72
Pmax = Q.92 Pmax = Q.70 Pmax = 0.90
B plasma
Imig = 0.91 Lnia = 0.65 Lnia = 0.73
Pmax = 0.22 Pmax = 0.94 Pmax = 0.92
O plasma

Imid = 0.85 Imid =0.84 Imid = 0.69
Pmax = 0.37 Pmax = 0.49 Pmax = 0.92

Figure 4.2: Stain appearance 3 minutes after droplet deposition on paper towel. Results
of image processing (Pma. and I,,;4) are given below each image.

The evolution of stain appearance for both positive and negative tests is displayed in
Figure 4.4. The equilibrium diameter is reached soon after 15 seconds; however, it is
not until much later (approximately 100 s) that ring stains can be clearly identified by
eye and image processing. This is demonstrated by the image processing parameters
Pmaz and I,,;4. Each parameter can independently identify results after 3 minutes and
further time after this point increases the difference in parameter values. This could
indicate that sensitivity could be increased by allowing more time. However, more

testing is required to fully optimes this diagnostic technique. Similar ring stains were
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observed in paper previously for stains of simple colloids [2] and whole blood [3]|. They
are caused by an evaporation driven flow that carries RBCs outwards toward a pinned
boundary. This is a similar mechanism to ring formation in droplet systems [4, 5].
Ring formation in paper has not been studied in detail, and therefore the governing
mechanisms are not fully understood. However, the dominance of chromatographic
effects has been identified as a governing factor [2]. When there is a large separation
between the solvent front and the migration distance of the analyte, this is referred to
as having a low chromatographic mobility or a low retardation factor. Nilghaz et al. [2]
determined that systems with low chromatographic mobility are unlikely to form ring
deposits, and vice versa for a high mobility. This is because ring formation requires a
significant amount of the non-volatile component to be transported to the edge of the
stain. This is likely the mechanism leading to the absence of ring structures in positive

tests on paper towel, as agglutination decreases the chromatographic mobility of RBCs

[6].
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Figure 4.3: Stain appearance 3 minutes after droplet deposition on handsheet paper.

Although tests on paper towel can discriminate positive and negative results, there is
little variation in the final stain sizes between them two groups. This implies that
agglutination does not affect initial wicking dynamics as the solvent flow velocity from
initial wicking is much higher than in the later evaporation driven flow. The agglu-
tination of RBCs is only able to affect transport of RBCs in low velocity flows, such
as the evaporation driven flow in drying stains and wicking in less absorbent papers
(handsheet). A possible explanation of this is that high shear flows breakup the weak
agglutinates that form in reverse group tests. This process is poorly understood for
agglutinated RBCs, although a similar process is observed in RBCs under normal con-
ditions. Low shear rate flows allow RBCs to form meso structures such as rouleaux
aggregates which are very weakly bonded together by surface forces [7]. At high shear
rates the aggregates breakup, leading to a significant decrease in the effective viscosity.
This change is primarily due to the variation in average particle size, which has a large

influence on viscosity [7-10].
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The decreased absorbance of the handsheet paper when compared to paper towel is
caused by two factors. A smaller pore size and the small amount of PAE wet strength
agent that is likely to increase the pore scale contact angle. The effects of these factors
are both demonstrated with the Lucas-Washburn equation [11, 12] (Equation 2.5) and
result in a lower wicking rate. The smaller pore size in handsheets also results in more
effective exclusion of the aggregated RBC’s due to blockages in small pores. This is the

cause of the central red regions in Figure 4.3.

15 s 180 s 360 s

Positive

Imia = 0.92 Imia = 0.90 Imia = 0.90
Pmax = 0.41 Pmax = 0.47 Pmax = 0.54

Negative

Imid = 0.87 Imid = 0.79 Imid = 0.75
Pmax = 0.90 Pmax = 0.90 Pmax = 0.94

Figure 4.4: Evolution of ring stain with time. Results of image processing (pyq. and
I,niq) are given below each image.

4.3 Image Processing

In chapter 3, image analysis was used to determine the size of the stain and therefore
test results. This method can be used to automate the interpretation of results on
handsheet paper by selectively measuring the size of the red area of the stains. How-
ever, the detection of ring formation in paper towel tests required the development of a

new image processing algorithm. This is because stain size is not indicative of results in



CHAPTER 4 — PAPER-BASED REVERSE BLOOD TYPING 110

this case. The algorithm utilises the intensity distribution along the centre line of the
stain and was implemented in Matlab. The methodology and representative intensity
distributions for positive and negative tests are shown in Figure 4.5. Two important
characteristics of these intensity distributions are the position of the maximum value
(Pmaz) and the normalised intensity at the midpoint (I,,;4). The calculation of these
parameters from intensity distribution curves is shown in Figures 4.5b and c¢. The anal-
ysis algorithm measures these quantities and can identify a positive or negative result

based on whether they are above or below a critical value.

Quantification is achieved by first converting to a grey-scale image by selecting the
blue channel. The blue channel was chosen as this gave the best contrast. Next, the
intensity along a vertical line that intersects with the centre point is measured and a
linear function is subtracted to ensure both the start and end points of the line have
a magnitude of zero. Also, the intensity at each point is divided by the maximum
value giving normalised intensity. This is how the graphs in Figure 4.5 were generated.
The position of maximum intensity is calculated and divided by the radius of the stain
giving a dimensionless value that is independent of the size of the stain. The midpoint
intensity relative to maximum intensity can be directly measured as the intensity of the
midpoint as all intensity values are scaled by the maximum value. Using these relative
parameters is advantageous as the calculated values are not significantly influenced by
image resolution or light intensity. To increase accuracy, the algorithm was run 10
times on each stain, with each run following a 18° rotation of the image. After this,

the calculated parameters are averaged over all rotations.
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Figure 4.5: a) Steps involved in image analysis. b) Relative intensity distributions
along lines of interest for positive and c¢) negative tests. Measurements show the two
parameters: position of maximum and intensity at centre.

In all positive tests that showed agglutination the average relative position of maximum
intensity was above 0.8 and the average relative intensity of the midpoint was below
0.8. This trend is demonstrated in Figures 4.2 and 4.4. This implies that either of
the two parameters can be used to identify results. However, the use of both is more

robust.
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4.4 Conclusion

In this chapter a robust paper-based reverse group test is presented. Here, a droplet
of reagent RBCs mixed with patient plasma, and a droplet of this mixture is deposited
on paper. The appearance of the stain created indicates a positive or a negative agglu-
tination reaction, which is used to determine the reverse blood groups. Two different
papers, varying in structure (pore size) and surface chemistry (hydrophobicity) were
tested with nine combination of plasma- reagent RBC. The test concept relies on a
similar chromatography-like mechanism as the technique presented in chapter 3. This
is caused by an additional resistance to the transport of agglutinated RBCs. However,

in this case, a greater reproducibility and sensitivity is observed.

A clear result is identifiable within 3 minutes of droplet deposition for both tested
papers. However, each paper displayed results differently. For handsheet paper a pos-
itive reaction is identified by a significant separation of RBCs from the bulk solution,
causing a small red area inside the larger stain. For paper towel, a negative result is
identified by a dark ring around the stain’s edge. An image processing algorithm was
also developed to automatically identify positive and negative results from the appear-

ance of stains.

This test is more reproducible and sensitive than the method presented in chapter
3. This is becuase the slower flow is less likely to breakup weak agglutinates. However,
the additional time required makes the test less suitable for automated applications.
The high reproducibility with manual methods show potential for remote and small
scale applications, where all that is required is a piece of paper towel, reagent RBCs
and patient plasma. Although results are clearly readable by eye, inexperienced users
may require the use of the developed analysis algorithm that can be easily be imple-
mented with the use of a smart phone. This concept can be engineered into a robust
hand held and easy to use paper diagnostics where only the addition of a drop blood is

required.
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Chapter 5

Equilibrium Stain Size

Preface

To better understand and further optimise the diagnostics presented in Chapters 3 and
4, the fundamental mechanisms leading to stain formation of biological fluids must be
investigated. In this chapter, the phenomena that determine the final stain size in paper
were studied. The final stain size is shown to be representative of fluid properties, and
therefore is highly relevant for the design of a variety of low-cost diagnostics. This
chapter was published in the Journal of Colloid and Interface Science in 2018. The text
was reformatted to be consistent with the remaining sections; no other changes have

been made. The article as published is provided in Appendix A.
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Effect of protein adsorption on the

radial wicking of blood droplets in
paper

Michael J Hertaeg, Rico Tabor, Gil Garnier
Published: Journal of Colloid and Interface Science, 528:116-123, 2018

Abstract

Hypotheses: 1) The equilibrium size and characteristics of a radially wicked fluid on
porous material such as paper is expected to be dependent on the fluid properties and
therefore could serve as a diagnostic tool. 2) The change in wicked stain size between
biological fluids is dependent on a change in solid-liquid surface interfacial energy due

to protein adsorption.

FExperiments: Sessile droplets of increasing volume of blood, its components, and model
fluids were deposited onto paper and the equilibrium stain size after coming to a halt
was recorded. The contact angle of fluid droplets on model cellulose surfaces was mea-
sured to quantify the effect that blood protein adsorption at the solid-liquid interface
has on radially wicked equilibrium size. Finally the significance of droplet evaporation

for the time scale of interest was analysed.

Findings: The final stain area of all fluids tested on paper scales remarkably linearly
with droplet volume. Different fluids were compared and the gradient of this linear
relation was measured. Model fluids varying in surface tension and viscosity all behave
similarly and exhibit a constant gradient. Blood and its components produce smaller
stains, demonstrated by lower gradients. The gradient is a function of protein concen-
tration, thus the mechanism of this phenomenon was identified as protein adsorption
at the cellulose-liquid interface. The slope of the area/volume relationship for droplets

is an important quantitative mechanistic variable.

Keywords: Blood, Protein, Radial wicking, Protein adsorption, Stain area, Paper,

Biodiagnostic
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5.1 Introduction

The wicking of fluids through porous media is of fundamental importance in many
processes and applications such as printing, textiles, agriculture and more recently the

medical field for its applications in paper based blood diagnostic tools [1, 2].

Blood is a suspension of cells that are weakly electrostatically stabilised in plasma,
the liquid component of blood. Plasma consists mostly of water (90 wt%), proteins
(approximately 6% wt) and a small amount of lipids, carbohydrates and electrolytes
[3]. There are different types of proteins in blood of which the most abundant are albu-
min (38.7 g/L) [4], globulin (25 g/L) and fibrinogen (3 g/L) [3|. The composition and
protein concentrations in blood vary greatly as a function of health as well as natural
variation among populations [3, 5, 6]. Many blood proteins are surface active and read-
ily adsorb onto surfaces [7|. There are three main types of cells in blood: erythrocytes
(red cells), lymphocytes (white cells) and platelets. The majority of cells in blood are
red blood cells. Healthy red blood cells are biconcave disks approximately 8 pm in
diameter and 3 pm in thickness [8]. The shape, abundance and mechanical proper-
ties (deformation) of these cells are responsible for the unique viscoelastic and shear
thinning behavior of blood [9]. By centrifugation the majority of cells can be removed
from blood allowing the analysis of solely the plasma component. Although plasma
exhibits weak viscoelastic properties [10], most analyses assume Newtonian behavior to
no significant loss in accuracy. By testing plasma instead of whole blood the effect of
protein adsorption can be isolated from the non-Newtonian properties of blood cells as

a suspension (shear thinning, viscoelasticity and granularity).

The radial wicking of a drop has been studied previously [11-15]. However all pre-
vious studies have considered highly idealised systems ignoring evaporation and the
complex properties of multicomponent systems. This study aims to identify the pa-
rameters and phenomena controlling the final stain area achieved by a single droplet of
blood radially wicking onto paper. This is of direct interest in the development of blood
diagnostics for several reasons. The surprising reproducibility and sensitivity of results
suggest that drop stain analysis can serve as a convenient and inexpensive method to
identify fluid properties. Whether these property changes are caused by protein con-
tent, specific antibody-antigen reaction or hematocrit levels will determine the nature
of the sensor. The effect of protein concentration is examined here; however, this type

of analysis is applicable to many sensing applications. Further a robust fundamental



CHAPTER 5 — EQUILIBRIUM STAIN SIZE 118

knowledge of the blood stain/volume relationship on paper/porous media will allow
more sensitive, faster and more accurate diagnostic methods to be developed and guide
the optimisation of existing devices. This study is also relevant to any system involving

the contact or deposition of a wetting liquid over a porous material.

5.2 Experimental Section

5.2.1 Materials

Tests were performed on Kimberly Clark Scott hand towel (4419) and Whatman 41 filter
paper. Wet, dry and oven dried (O.D) weights of 100cm? sections of paper are given in
Table 5.1. The wet and dry thicknesses were also measured. Analytical grade glycerol,
and ethanol were purchased from Merck, and Thermo Fisher Scientific, respectively.
BSA (bovine serum albumin) solutions were diluted from 30% (wt/v) solutions from
BioCSL, PBS (phosphate buffered saline) was made to 0.9 wt% with tablets from
Sigma. Human blood with EDTA anti-coagulant was provided by the Australian Red
Cross following established best ethics practice. Deionized water for tests and dilutions
was purified from tap water with a Direct-Q water purification system to a minimum
resistivity of 18.2 MQcm.

Table 5.1: Paper Properties

0.D Std Dry Std Wet Std Dry Std Wet Std
Paper | Weight | Dev | Weight | Dev | Weight | Dev | Thickness | Dev | Thickness | Dev

(8) (8) (8) (8) (8) (8) (pm) | (pm) | (um) | (pm)
Towel | 0.2558 | 0.0030 | 0.2671 | 0.0031 | 0.5537 | 0.0180 98 2 76 2
Filter | 0.8537 | 0.0065 | 0.8794 | 0.0174 | 1.8086 | 0.0208 226 5 218 5

5.2.2 Methods

Paper Characterisation

Paper oven dry (O.D) weight was measured using TAPPI standard 412 by placing
samples in a 105 °C oven until weight stabilised. The weight at this point was recorded.
The given values are the mean of 3 recordings for each type of paper. Dry weight was
measured using TAPPI standard 402, where the weight of the samples after equilibration
in 23°C 50% relative humidity (RH) conditions for at least 24 hours was measured. The
values reported are the mean of 6 recordings for each type of paper. Wet weight was

determined using a variation of testing standard TAPPI 441. This involved submersing
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the paper in water for 2 hours, then pressing each between two pieces of blotting paper
with 2 passes of a 10kg roller to remove excess water. The paper was then weighed. This
process was repeated until weight stabilised. The values for wet weight presented in
Table 5.1 are the mean of 3 recordings for each type of paper. Wet and dry thicknesses
were measured using a L & W micrometer. Thickness values are the mean of 10

measurements.

Equilibrium Stain Size

Reproducible droplets of volume ranging from 2 to 40 pl. were created with an ad-
justable needle and a syringe pump (Figure 5.1a). The syringe pump was used to
provide a constant flow rate to the needle which created repeatable small drops. Drop
size could be controlled by needle geometry. These droplets were directed onto a paper
surface that was suspended in 23°C 50% relative humidity (RH) air. Setup took suffi-
cient time to assume fluids were at room temperature during tests. The paper was then
imaged using an Epson perfection V370 office scanner and analysed to give the area of
each stain. Droplets were recorded in groups of at least 7 onto one piece of paper that
was moved between each drop. The volume of the created droplets was measured 4
times before and after being directed onto paper to ensure the drops’ volume remained
a constant. Prior to tests with biological fluids, needles were soaked for at least 2
hours in the fluid to be tested. This was to ensure protein adsorption onto the needle’s
surface was at equilibrium which improved the uniformity of drops. The difference in
area between stains and the variation in measured drop volume is given as error bars
in Figures 5.2a and b. All property values were found in literature [16-20], except the
viscosity and surface tension of blood plasma and BSA solutions, these were measured
with an Ostwald viscometer and a pendant drop surface tensiometer [21]. The density
of BSA solutions, plasma and PBS were measured using a Mettler Toledo TLE balance
and Eppendorf Pipette.

Surface tension results were complicated by the dynamic surface tension of plasma
and BSA [22|. This surface tension variation with time has not been well studied and
it is unclear how the surface tension of blood and blood components will change during
wicking. For the purpose of this study, highly accurate surface tension data was not
required, therefore the average recorded surface tension over a relevant time scale (10-15

seconds) is reported.



CHAPTER 5 — EQUILIBRIUM STAIN SIZE 120

&

Vi) PIN A
i
S : ":".“"t-&"'%“‘
YL ALt
b el e

(a)

Figure 5.1: a) Diagram of the experimental system depositing sessile droplets of con-
trolled volume on paper. b) Stains produced from

8 pL droplets of different fluids on paper at identical ambient conditions. From left to
right: 25% glycerol, 20% Ethanol, plasma and whole blood. Colourless fluids have blue
dye (3wt%) added to aid visualisation.

Contact Angle Measurements

Cellulose thin films were prepared by regenerating spin coated cellulose acetate as pre-
viously described [23, 24]. A 0.5 wt% solution of cellulose acetate was spin coated onto
a plasma cleaned glass slides at 2000 RPM for 20 seconds. These slides were then
regenerated from cellulose acetate to cellulose by soaking in a 0.5% sodium methoxide
solution for 10 hours. The advancing contact angle was determined using a DataPhysics
OCA35 contact angle instrument by taking measurements at several points as liquid
was pumped into the drop at a rate of 20 pL/s. For each batch of cellulose films, this
test was repeated at least three times for each fluid, and three batches of cellulose films
were tested. Roughness measurements using a JPK Nanowizard 3 atomic force micro-
scope were completed on 4 of the cellulose surfaces; the roughness value reported is the

mean of these 4 values.

Drying Time Measurement

Tests were completed by suspending a paper towel sample in a digital scale and recording
the weight as a function of time. This allowed the rate of evaporation to be measured.
The drop size used was 8 pL. and the tests were performed at 23°C 50% relative humidity
(RH). The fluids tested were PBS (phosphate buffered saline), 10% BSA (bovine serum

albumin), water and plasma.
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Figure 5.2: Effect of initial droplet volume on equilibrium stain area on paper hand
towel for blood components and model fluids. The average, minimum and maximum
area/volume of at least 7 droplets are shown. All measurements were performed at 23
°C 50% RH. (a) All fluids on paper hand towel and (b) a selection of fluids on filter

paper.

5.3 Results

Droplets varying in volume were deposited on paper and the area of the stain at equi-
librium was measured for a series of fluids. Blood, blood components and model fluids
varying in viscosity and surface tension were tested under standard humidity and tem-
perature conditions. The size, shape, perimeter fractal and colour intensity distribution
of the stains on paper vary among the different fluids of the same volume (Figure 5.1b).
However, size is the most important variable of these stains. The average, maximum
and minimum values for stain size and drop volume for a minimum of 7 replicates are

shown in Figures 5.2a and b. Linear trend lines are fitted for reference.

5.3.1 Equilibrium Stain Size

Figure 5.2a shows the equilibrium stain size for all tested fluids deposited on paper
hand towel, where Figure 5.2b shows a selection of these fluids on filter paper. The
stain area of a droplet on paper is surprisingly reproducible and scales linearly with
volume. All fluids tested show a similar linear trend however with a shift in slope or
gradient. At constant drop volume, whole blood creates the smallest stain, followed by

plasma. The stain area at equilibrium can be expressed as:

A=GV+C (5.1)
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Where A is the equilibrium area (mm?), V' is the drop volume (pL), G is the gradient
of stain area to drop volume (1) and C' is a constant (mm?). The calculated value of
C range between 74 and 20 mm?. This value is slightly larger than the average error in

area measurements and is always positive.

The gradient G varies significantly between the different fluids and papers. The gradi-
ent values for the model fluids on hand towel as well as the fluid properties are presented
in Table 5.2. The gradient value does not correlate with the fluid surface tension or

viscosity significantly.

5.3.2 Effect of Protein Concentration

Figure 5.3a shows the gradient values for solutions of different concentrations of BSA
on the paper hand towel. These results were collected in the same way as results
in 5.2a and b. The gradient of the lines is plotted against BSA concentration. The
gradient decreases in a roughly inverse square root fashion with BSA concentration. A
faster changing gradient is seen at lower BSA concentrations. This might indicate some

adsorption surface saturation mechanism.

8 b
p=

[

=

\

\

i

i

i
i
|
i

)
@
#
&)
&

)
&
T

Area per volume gradient (1/m) x 10°
B BOR

@
T

=

=]

Gradient {(1/m) x 10°

N
=
T

o
T

=
=
T

o
T

1]

Glycerol 10%

A Glyceral 25%

A Glycerol 40%

A Ethanol 10%
Ethanol 20%

4 pBS

A \Water
BSA 10%

0O Plasma

—-—-Non-Biological Fluids

20 30
Surface Ten

40 50 60 70 B0
sion / Viscosity (m/s)

(b)

Figure 5.3: (a) The droplet area/volume gradient plotted as a function of protein
concentration for a series of BSA solutions. A trend line has been drawn to guide the
eye. (b) Effect of surface tension to viscosity ratio on the stain area to drop volume
gradient. A linear trend line is fitted for non-biological fluids. Biological fluids do not
follow this trend.
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5.3.3 Contact Angle Measurements

As different and lower gradients are only seen with biofluids on paper, wetting exper-
iments were performed on smooth cellulose films to understand the effect of wetting.
Figure 5.4 shows the advancing contact angle of a series of selected fluids on model
cellulose surfaces. Histograms are presented to visually highlight a statistically signif-
icant shift in the mean contact angle despite a high amount of variability in results.
This variability has a physical meaning as it quantifies both the chemical and physical
heterogeneity of the cellulose films. There is a similar increase in the mean contact

angle for biological fluids when compared to non biological fluids.
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Figure 5.4: Histogram of advancing contact angle measurements for water, PBS and
biological fluids on cellulose films.
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5.3.4 Time Scale of Evaporation

To simplify matters it was intended to study wicking under conditions independent of
liquid evaporation. This was achieved by testing in a conditioned laboratory at 23°
C and 50% relative humidity (RH). The effect of droplet evaporation was analysed by
measuring the relative weight of a drop deposited onto paper during evaporation. For
the time period required for stain growth to fully stop (5-15 seconds) all fluids had
evaporated by less than 10%. Water and PBS evaporate at the same rate, while plasma

and BSA solutions evaporate similarly but at a slower rate (Figure 5.5).
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Figure 5.5: Weight of 8 pL drops of tested fluids on paper in 23°C 50% relative humidity
air. Y axis is normalised by initial drop weight. All show limited drying at a time where
the stain growth was observed to stop, approximately 11 seconds.

5.4 Discussion

5.4.1 Equilibrium Stain Size

Figures 5.2a and b show a clear distinction between the wicking behavior of biological

and non-biological fluids on paper. Despite large variations in both surface tension and
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viscosity between water, ethanol and glycerol solutions, there is no significant change
in gradient. This is surprising as previous research on non-equilibrium radial spreading
has shown a strong dependency on the ratio % [12, 14|, although this is not directly
comparable to equilibrium results. Figure 5.3b shows the effect of the % ratio on the
gradient of the equilibrium stain area to drop volume curve with all fluid properties
presented in Table 5.2. There is a slight dependence of the gradient on the % ratio for
non-biological fluids and a linear function was arbitrarily fitted. Plasma and 10% BSA
solution do not follow the trend of model fluids. Table 5.2 also shows that the gradient
parameter does not directly scale with either viscosity or surface tension. Although
there may be a slight dependence of the stain area/drop volume gradient with the %
ratio, there is another property that presents itself in blood plasma that is far more
dominant. This extreme variation in stain sizes between plasma and model fluids was
not reported by Li et al. in their experiments with porcine plasma on cotton ‘T-shirt’
fabric [25]. The gradient for blood is significantly smaller than all tested fluids. The
stain area of blood is on average 55% that of plasma using droplets of identical volumes.
This finding corroborates the study of Li et al. with porcine blood/plasma who further
reported the blood to plasma stain ratio to be equal to one minus the average hematocrit
value of blood [25]. The authors relied on this observation to justify the assumption
that it is only the volume of the plasma component that determines stain size. Although
the value of this repeatable stain size ratio between blood and plasma is intriguing, it is
unlikely that the red blood cells have no effect on the wicking process. Other causes of
the smaller stain size for blood could include blood cells form blockages in the smaller
pores of paper, or electrostatic repulsion between the negatively charged red blood cells
[26] and the anionic cellulose [27]; however this is unlikely to be significant due to the

micro scale of red blood cells.

Table 5.2: Fluid Properties at 23°C effecting wicking behavior [16-20]

. Densit Gradient

Solution | wt% (kg/m3x {03) (ml\?//m) (mlga.s) (Zl//Z) (1/mx10?)
Water | 100% | 1.00 [16] | 72.31 [28] | 0.93 [16] | 77.75 | 32.6
Glycerol | 10% | 1.02 18] | 71.97 [19] | 1.21[18] | 5948 | 305
Glycerol | 25% 1.06 [18] 70.95 [19] | 1.92[18] | 36.95 29.8
Glycerol | 40% | 110 [18] | 69.61 [19] | 3.40[18] | 20.47 | 26.7
Ethanol | 10% | 0.96 [17] | 39.29[17] | 1.96[17] | 20.0 288
Ethanol | 20% | 0.93 [17] | 32.27[17] | 2.52[17] | 12.8 27.9
Plasma | 100% 1.01 45 1.74 25.9 19.4
BSA 10% 1.01 40 0.93 43.0 18.7
PBS 1.00 72.2 [20] | 1.00 [20] | 72.2 31.8
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Stains on different papers can be compared by defining a new variable, the paper ratio
factor (PRF). This is calculated as the gradient of the stain area to volume relationship
on a certain paper, divided by the gradient of the same fluid on a different reference
paper (equation 5.2). Table 5.3 compares the PRF values on hand towel and filter paper
for 3 fluids. If the two papers were to behave identically, simple volume conservation
analysis reveals that the PRF should be equal to the ratio of the two paper thicknesses.

This ratio was measured by micrometer and found to be 2.26.

PRF = GHandTowel/GFilterPaper (52)

Table 5.3: Paper Ratio Factor (no unit). Filter paper is used as reference paper.

Fluid PRF
Water 1.87
Plasma 2.25
10% BSA | 2.06

Although plasma and BSA have PRF factors close to 2.26, water shows a slightly lower
than expected ratio. This implies that water and biological fluids are affected differ-

ently by the change in paper properties.

Schuchard et al. reported fiber swelling to be an important parameter to consider
for wicking in cellulose networks [29]. All fluids used in this study are water-based and
therefore will swell cellulose; however, it is not clear if there is a difference in swelling
among fluids and whether this would cause a change in stain area. This could be the
cause of the shifts in PRF value between fluids as paper type may affect the extent of

fiber swelling.

5.4.2 Effect of Evaporation

The linearity of the equilibrium stain area with drop volume relationship (Figure 5.2a)
implies the absence of any significant evaporation. If evaporation was taking place, a
plateau would be expected at the higher drop sizes. This is further shown by drying
time experiments in which the weight after fluid contact with paper was measured with
time. No significant drying occurs in the time frame of wicking, which range between
5 and 15 s in this study. Therefore evaporation is insignificant for the system studied.

Measurements with water, plasma, PBS and BSA solutions all show similar behavior.
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This differs from expectations from literature. Gilespie [13] predicted that a wicked
stain equilibrium area would only be detectable when evaporation is significant. It
might be possible that the measured apparent equilibrium position is actually a state
where the front is moving so slowly that its motion is unobservable and the final posi-

tion is the effect of drying after a significant time.

Nilghaz et al. [30] demonstrated that coffee rings [31] form on paper in some situa-
tions. As the mechanism of coffee ring formation is dependent on a pinned outer edge
[32], and the effects of surface pinning are not included in models that predict indefinite

spreading, pinning may be a determining factor in stain equilibrium size.

5.4.3 Wetting Mechanism

Advancing contact angle measurements were performed on model cellulose films. The
contact angle data can be used with the Young equation [33| (equation 5.3), to determine
the interfacial energy at the solid liquid interface. Equation 5.4 accounts for surface
roughness [34]. The value for the cellulose-air interfacial energy s, used is 69.0 mN /m.
This value is the mean of the two testing methods for the surface energy of untreated
cellulose fibers by Westerlind and Berg [35] and is very close to the value also found
by Niegelhell et al. [36]. The roughness used in calculations was measured by atomic
force microscopy to be 1.16. Roughness is defined as the real surface area divided by

the surface area of a smooth surface of the same dimensions.

Yso = Vsl + Vi COS O (5.3)

Where ~,,, 74 and 7, are the solid-vapour, solid-liquid and liquid-vapour surface ten-
sions respectively.

08 Ogpp = 1 COS 0, (5.4)

Where 6, is the apparent measured contact angle, r is the roughness of the substrate
and 6, is the real contact angle that can be used in the Young equation. The solid-
liquid interfacial energies calculated are presented in Table 5.4. Results from PBS are

calculated to demonstrate the negligible effect of ionic strength on wetting.
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Table 5.4: Liquid solid interfacial energy measured from wetting experiments for the
different fluids on cellulose films

Mean advancing Solid-liquid
Fluid contact angle | interfacial energy
(degrees) (mN/m)
Water 13.5 8.4
PBS 16.6 9.3
BSA 10% 28.4 38.6
Plasma 28.9 35.0

The equilibrium stain size of 0% BSA or 100% PBS are similar to tests with water,
which shows that the effect of salinity is negligible.

5.4.4 Protein Adsorption

Surface energy measurements show the solid liquid surface energy to be significantly
raised by high protein concentrations in the droplet solution. Fluids exhibiting similar
stain sizes, such as 10% BSA and plasma also have very similar surface energies. This
suggests a relationship between stain size and the solid-liquid interfacial energy which is
affected by protein content in the fluid. This is most likely caused by protein adsorption

onto the cellulose surface.

The adsorption of BSA and human immunoglobulin G onto cellulose was previously
demonstrated [7]. This adsorption of blood proteins was shown to make cellulose more
hydrophobic after aging and drying [23]. This augmented hydrophobicity is caused by
an increase in solid-liquid interfacial energy at the cellulose interface due to a protein
conformation change. The increased solid-liquid interfacial energy calculated here is
likely caused by a similar mechanism although contact angle measurements were per-
formed with the protein solution, not water after drying as in previous studies. An
increase in cellulose-fluid interfacial energy would cause a decrease in stain area as the

formation of such an interface is energetically unfavorable.

As a wicking system is in motion the transportation of solution components is not
necessarily homogeneous due to adsorption and diffusive variations. Such variations
can effect wicking of surfactant solutions [37]. The surface energies calculated for static
drops in equilibrium presented may not directly translate to transient wicking analysis.

It is also unknown how the addition of protein will affect fiber swelling.
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Interpolating from the trend in Figure 5.3a, plasma behavior is similar to a solution
having a BSA concentration of 8.3%. This value differs from the average concentration
of albumin in human plasma which is 3.9% [4], with normal values ranging from 3.2%
to 4.5% [5]. Although albumin concentration is likely to be a factor affecting plasma

equilibrium wicked area, it is not the only factor.

Albumin represents only 60-65% by weight of blood plasma proteins [6]; there are
many other blood proteins capable of adsorbing onto cellulose [7]. The concentration
of all proteins in plasma is approximately 6.2%. Comparing this value to the plasma
similar BSA solution concentration (8.3%) reveals that either non-albumin proteins ef-
fect equilibrium on a per weight basis more than albumin, or there is another factor
that has not been investigated, such as the competitive binding of phosphate ions from
PBS [38].

5.5 Conclusion

A series of small droplets of blood and model fluids were deposited onto paper and
the stain area to drop volume was measured for droplets of increasing volume. The
model fluids studied consist of a selection of simple fluids varying in surface tension
and viscosity, as well as blood plasma and protein solutions of different concentrations.
The stain area-droplet volume relationship was studied. This was performed under
controlled conditions (23 °C and 50% RH) under which evaporation was negligible. To
better distinguish the effect of wetting from radial wicking in a porous material, the

contact angle of plasma and water were measured over smooth cellulose films.

The area of the stain achieved by the radial wicking of a droplet of controlled vol-
ume deposited onto paper is very reproducible. Stain area scales linearly with droplet
volume. The slope of the stain area-droplet volume relationship (gradient) is indicative
of the fluid composition and the paper structure. The gradient is however nearly inde-
pendent of fluid viscosity and surface tension. Blood has the lowest gradient, followed
by plasma, protein solutions and the model simple fluids each having nearly identical
slopes. This different behaviour was attributed to the adsorption of protein onto paper,
affecting the solid-liquid (74 ) interfacial energy. The protein content of BSA solutions
and blood was found to strongly effect the gradient and therefore the equilibrium stain
size. This is due to the increase in surface energy that occurs after protein adsorption

onto the cellulose fluid interface. Previous studies have shown that the ratio of surface
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tension to viscosity is a critical parameter for situations under non-equilibrium wicking
conditions [12-14]. However, our results were found to be almost independent of the
ratio. The paper ratio factor (PRF) is proposed as a new measure of the relative stain
sizes in different papers and is compared to the ratio of thicknesses to identify effects

from paper structure.

The reproducibility of stain area-droplet volume on paper, its ease of measurement
combined with the slope (gradient) being a function of fluid properties all make blood
stain analysis very attractive for diagnostic applications. Blood stain analysis could be-
come the basis for a new generation of high throughput and very fast blood diagnostic

systems.
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Chapter 6

Transient Stain Growth

Preface

Many paper-based diagnostic techniques and devices use droplet deposition as a simple
method to introduce reagents or carrier fluids. This is a complex process because it
involves the transition from a saturated system (droplet in contact with paper) and un-
saturated (droplet absorbed) characterised by different mechanisms leading to varying
behaviour. In this chapter, the radial wicking of a droplet of fluid varying in viscosity
and surface tension is characterised on paper. The dynamics of the stage transition
is highlighted and a numerical model capable of predicting behaviour before and after
stage transition is derived. This chapter was published in the Journal of Colloid and
Interface Science in 2019. The text was reformatted to be consistent with the remain-
ing sections; no other changes have been made. The article as published is provided in
Appendix A.

135



CHAPTER 6 — TRANSIENT STAIN GROWTH 136

Dynamics of stain growth from sessile

droplets on paper

Michael J. Hertaeg, Rico F. Tabor, Joseph D. Berry, Gil

Garnier
Published: Journal of Colloid and Interface Science, 541:312-321, 2019

Abstract

Hypothesis: The rate of stain growth of a sessile droplet deposited on paper has been
previously studied [1-4] but is not fully understood. In particular, the mechanism by
which the abrupt decrease in growth rate occurs is unknown. This process is expected
to follow a model where the disappearance of the droplet is represented by a change
to the boundary condition at the droplet-paper interface when the volume of the fluid

inside the paper is equal to the volume of the simulated droplet.

FExperiments: The stain size of sessile droplets on paper was monitored against time.
A series of fluids varying in surface tension and viscosity was studied. The kinetics
of stain growth was modelled and compared with experiments and existing models of

stain growth.

Findings: The measured stain area formed by a sessile droplet deposited on paper
follows a two regime mechanism [2]. In the initial regime, the dynamics are governed
by the filling of pores. However, in the later stage, the process is influenced by the
emptying/redistribution of fluid. Simulations show that experimental results are well
described by a model that identifies the change in boundary conditions after the droplet
is no longer present above the paper, coupled with the change to a redistribution dom-

inated mechanism.

Keywords: Radial wicking, Stain area, Paper, Wetting, Kinetics, Modelling, Sessile
droplets
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6.1 Introduction

Wicking has been described for many years by the Lucas-Washburn equation |5, 6]. This
model assumes the substrate material to be a collection of cylindrical capillaries and
gives fairly good correlation with experimental results in a variety of porous materials
[7, 8]. However, there are several critical and restrictive simplifications required that
prevent generalisation of the model to all wicking applications. The two most notable
assumptions of the Lucas-Washburn equation are: i) the unidirectional requirements
and ii) the definition of a sharp interface where the material transitions from 100% sat-
urated to 0% saturated at the wicking front. These two assumptions do not apply for
many systems including droplets wicking on paper. To overcome these simplifications,
previous researchers have derived relations based on Darcy’s law for flow through porous
media. These approaches allow for the description of wicking in complex geometries
and semi-saturated media and are used in the design of many paper-based diagnostic

devices [9].

The deposition of a droplet of liquid onto the surface of a thin porous material like
paper is a special wicking case that has received particular attention. Droplets wicking
on porous media and the kinetics of stain growth play a critical role in many industrial
applications, including printing for communication and functional uses such as biodiag-
nostic manufacturing. Fundamentally, modelling the kinetics of droplet wicking, from
sessile droplet to stain at equilibrium, has remained a complex and elusive task. This
process is different from the case of a infinite reservoir system because at some finite
time after deposition, the droplet will completely be absorbed by the paper, chang-
ing the nature of the process significantly. These two stages are usually referred to as
stage one (droplet disappearing from the surface of the paper) and stage two (absorbed
droplet redistributing/wicking in paper). As stage two is much longer than stage one,
most of the models have been focused there. Many models based on Darcy’s law have
been proposed. However, all have relied on many empiricisms to fit results [1, 2, 10, 11].

All of these relations can be broadly expressed in the functional form:
Ao t™, (6.1)

where A is the wetted area, t the time after deposition and m is a constant. The
evolution of the stain area produced by a wicking droplet is quite well represented by
this power law. However, the value of m is higher in the first stage than in the second

stage. The stated values of m for each stage vary but are in the range of 0.39 - 0.50 for
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the first stage and 0.10 - 0.33 for the second stage [1-4]. These discrepancies have been
attributed to differences between fluids, droplet sizes, absorption by fibers, temperature

and humidity; however, no model has been able to explain the large variation reported.

Marmur [12]| presented an analytical model for radial wicking where the material is
modelled as a gap between two plates with liquid being introduced from a hole in the

center of the top plate. Marmur’s equation expressed in terms of area [4] is given as:

A A 2mdry cos 0

—(In——1)=—-1+( A )t.

2
R (6.2)

Here A is wetted area, A, is the area of the inlet, d is the separation of the two plates,
v is the liquid-vapour surface tension of the liquid, 6 is the contact angle and p is the
viscosity. This approach is similar to that of Lucas and Washburn as it also assumes a
sharp interface. Despite this, the equation predicts radial wicking behavior from infi-
nite reservoirs quite well [2, 4] and results from Danino and Marmur [2] imply that it
also can be used to model stage one of droplet wicking. For the droplet wicking case, it

is not clear what value to use for A,; however, the fitted values are physically reasonable.

The effectiveness of Marmur’s equation in predicting stage one behavior implies that
the distribution of fluid creates an abrupt transition between fully saturated and dry
paper. However, after the consumption of the reservoir (stage two), liquid motion is
primarily driven by the redistribution effect [13] which is why Marmur’s equation is
no longer appropriate. The redistribution effect is the emptying of initially filled large
pores into smaller pores due to the higher capillary pressures there. Our previous work
has identified that this motion will continue until a position is reached that is deter-

mined by the system’s solid-liquid interfacial energy [14].

Several numerical studies have predicted wicking behavior from infinite reservoirs using
Richards’ equation, developed to determine liquid distribution in soils [15-18|. Some of
these studies simulate radial wicking and correlate well with both experimental results
and Marmur’s relation (equation 6.2). The present work applies previously developed
numerical schemes to model the radial wicking of fluid from a sessile droplet. This
is done by applying the same Dirichlet (saturated) boundary conditions [19] used for
infinite systems at the droplet interface until the simulated droplet is consumed. After

this a Neumann (no flux) boundary condition [19] is used.
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It is the objective of this study to measure and model the wicking dynamics of a sessile
droplet deposited onto paper. We also aim to identify and quantify the mechanisms
controlling the stain growth in paper. This knowledge is required to engineer accurate
and predictive paper diagnostics for biomedical applications [20]. A secondary objective
of the study is to develop a rigorous, accurate and physically meaningful alternative to

the Lucas-Washburn equation.

6.2 Methods

6.2.1 Simulation

Model Development

Richards’ equation can be described as Darcy’s law with allowances for mass conserva-
tion where the permeability of the porous material is proportional to the local volume
fraction [21],

g‘f -v. (Kf)vp) (6.3)
here ¢ is the relative volume fraction expressed relative to maximum saturation ¢ =
€/€s, € is the volume fraction expressed in volume of fluid per volume of paper and
€s is the saturated volume fraction, K (¢) is the permeability as a function of volume

fraction, p is viscosity and P is pressure.

In a wicking situation where there is no externally applied pressure gradient and grav-
itational effects can be ignored, pressure variation is caused solely by Laplace pressure
at liquid-vapour interfaces. This pressure will be a function of volume fraction as the
liquid-vapour interfaces will be in small pores with higher Laplace pressures at low vol-
ume fractions, and will move to large pores with lower Laplace pressures at high volume
fractions. With this, equation 6.3 becomes the diffusion equation where diffusivity is a

simple function of pressure, permeability and viscosity:

9 _ o (D)
5=V (2 2v) (6.4)
D(o) = K(6) 75 . (65

This approach was verified by several previous studies [15-18|. However, each of those

used a different function for permeability and pressure distribution. One of the simplest
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systems of constitutive equations for permeability and pressure was implemented by
Perez-Cruz [15] and is reproduced here. This model expresses the combined effects of
varying pressure and permeability as an effective scaled diffusivity. Due to the factor
of viscosity in equation 6.4, D(¢) is not a true diffusivity and therefore does not have
the units m?/s. This scaled diffusivity can be expressed as a power law relation with

volume fraction [15]:

D(¢) = Do¢" (6.6)

Where Dy is the viscosity scaled diffusivity at saturation and n is a constant calculated
from a substrate’s pore size distribution index [22]. Perez-Cruz fit n to results. However,
pore size distribution index (), and therefore n, can be calculated by fitting equation

6.7 to experimental porosimetry data (Figure 6.3):

o=, (67)
n=2+ i (6.8)

where P, is atmospheric pressure. These relations are based on the Brooks Corey model

for water penetration in soils [22].

Model Implementation

The solution of equation 6.4 was carried out in arb, an open source finite volume solver
[23] on a two-dimensional axisymmetric domain (Figure 6.1). Boundary conditions were
initially no flux on all external edges, except the top region covered by the droplet at
0 > r > Ry. Here, the value of phi was fixed at the saturation value of the material until
the total volume of liquid in the domain reaches the volume of the simulated droplet
at t = tys. For t >ty the boundary condition at the droplet interface was changed to
the zero flux condition. This procedure simulates the transition from stage one to stage
two radial wicking where the droplet disappears from the surface of the paper. This
process ignores the changes in droplet radius discussed in previous literature 24| as the
effects on larger scale behavior are secondary. A structured mesh was used to better
capture the sharp front that is created, with four divisions used in the vertical direction
as the problem is essentially one-dimensional. This is because the small thickness of the
paper relative to its length means that vertical equilibrium occurs so quickly that a one-
dimensional simulation would have also been appropriate. A two-dimensional domain
was however investigated to make the initial surface saturation boundary condition

where the droplet resides more intuitive. The results of a mesh refinement study are
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shown in supplementary information for an n value of 8. This value was chosen as it is
higher than any n value used in results and therefore represents a worst case, where the
simulation would be most dependent on mesh quality. This is because higher n values
cause a sharper interface to form. A mesh spacing of dx = 0.02R, was chosen as this
kept simulations to a reasonable time and corresponded to less than a 5% variation from
the finest mesh tested. To simulate the first stage a time step 6t = 0.01 s was chosen to
ensure that t,,, was calculated to sufficient accuracy. During the second stage the time
step was increased incrementally to a maximum of 0.04 s to save computational time.
Time step sensitivity analysis of the same test case as the mesh resolution study was
carried out, showing that the choice of 6t = 0.01 s - 0.04 s was sufficient for accuracy

and stability of the numerical solution.

b = Dy, t < typs

=0,t > typs Dropletinterface ad

dy / e 0
. . —-—
e —
Ro
L]
ad o
> = 0 ar h
v
'|' —=0
y ay -
L [
T r |_ 1

Figure 6.1: Diagram of simulation domain with implemented boundary conditions.

Stain boundary was calculated by identifying a radial position that corresponded to a
relative volume fraction (¢) of 0.01. As volume fraction decreases extremely quickly
near the edge of a stain, the criterion of stain front definition did not affect results.
This model uses 7 input parameters: Vp droplet volume, u viscosity, h paper thickness,
D, diffusivity at maximum saturation, n linear function of pore distribution index, Ay
initial droplet area and e, saturation volume fraction. While some of these parameters
can be directly measured and some must be fitted, all have a physical meaning in the
first stage of the simulation. As n is only based on pore distribution index in the first

stage it is an empirical fitting parameter in the second.
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6.2.2 Experimental
Materials

Analytical grade glycerol, decane and ethanol were purchased from Merck, Sigma and
Thermo Fisher Scientific, respectively. Densities of glycerol, decane and ethanol solu-
tions were interpolated from data measured by Sheely [25], Liu et. al [26] and Khattab
et. al |27] respectively. Tests were performed on Whatman 41 filter paper and Advan-
tec GA-55 glass fiber filters. Deionized water for tests and dilutions was purified from
tap water with a Direct-Q water purification system to a minimum resistivity of 18.2

MQ-cm. Queens blue food dye was used to dye water soluble fluids.

Methods

Droplets were produced with an adjustable needle and a syringe pump in the same
way as our previous study [14]. The syringe pump provided a constant flow rate to
the needle which causes droplets of repeatable size to detach and periodically fall from
the needle. Droplet size was quantified using a Mettler Toledo TLE balance before the
needle was directed onto the paper surface. The average weight of 4 previous droplets
divided by the density of the fluid was used to estimate the volume of the droplet that
fell onto the paper. Droplet size was controlled by altering needle size. Stain size data
were recorded by a Point Grey Flea3 camera mounted on a track that captured the re-
flected bottom view of the paper. The images were captured at 120 frames per second.
A diagram of the experimental setup is shown in Figure 6.2. All tests were performed
in a 23°C 50% relative humidity environment. To improve contrast, 3 wt% of food dye
solution was added to the aqueous solutions. Tests were performed to ensure the dye at
the concentration studied did not affect results. Although the dynamic wicking mea-
surements without dye were prone to noise, there was no significant differences between
dyed and not dyed fluids. This dye was assumed to have the same properties as water
and was included in solution concentration calculations. Droplet disappearance times
were found using a side mounted Phantom VEO 410L high speed camera recording at
4000 fps. No adequate dye was found for decane as all dyes separated chromatograph-
ically due to their affinity for cellulose. Due to this, no contrast agent was used and as

a result there is more noise in the decane recordings.

Porosimetry

Porosimetry measurements were performed with a mercury porosimeter (Micrometrics

AutoPore IV 9500). This characterises the infiltration against pressure. To convert this
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into data that can be compared to equation 6.7, the infiltration values were divided by

their maximum value; this gave infiltration data relative to maximum saturation. The

pressures were converted to a radius and then back to a pressure using the Young-

Laplace equation applied on circular capillaries using the surface tension of mercury

and then back with the surface tension of water.

contact angle used are shown in Table 6.1.

Table 6.1: Fluid properties used

The values of surface tension and

Fluid wt% Density Surface Tension | Viscosity | Advancing contact
(kg/m>x10%) (mN/m) (mPa-s) angle (deg)
Mercury | 100% 485[28] 130][28]
Water | 100% 1.00[29] 72.31|30] 0.93(29] 13.5]14]
Glycerol | 10% |  1.02[25] 71.97[31] 1.21[25]
Glycerol | 20% |  1.05[25] 71.4 [31] 1.63 [25]
Glycerol | 40% |  1.10[25] 69.6[31] 3.40]25]
Glycerol | 60% 1.15[25] 68.1 [31] 9.63[25]
Ethanol | 20% |  0.93[27] 32.27[27 2.5227]
Ethanol | 40% 0.89(27] 27.65(27] 2.49(27]
Ethanol | 90% 0.80[27] 23.09(27] 1.38 [27]
Decane | 100% | 0.73 [26] 24.47(26] 0.85 [26]
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Figure 6.2: Syringe pump and needle experimental setup. The side mounted camera
and 45 degree mirror are shown.

6.3 Results

6.3.1 Porosimetry

To verify the use of equation 6.6, porosimetry measurements were carried out. This
allowed the fitting of model pressure curves (equation 6.7) to porosimetry data to
determine the pore distribution index and therefore the value of n. Figure 6.3 shows
the comparison between porosimetry data calculated using the surface tension and
contact angle of water. A pressure curve corresponding to an n value of 2.2 is fitted,

with good correlation between model and experimental data.
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Figure 6.3: Comparison of the theoretical model (equation 6.7) with the mercury
porosimetry measurement on Whatman 41 filter paper. Volume fraction is calculated
as the volume of fluid in the paper divided by the volume at maximum saturation.

6.3.2 Initial Penetration

Simultaneously recording the side and bottom views of the paper substrate allowed the
delay between droplet impact and stain appearance to be measured on all types of paper
tested. A high-speed recording of this imaged at 8000fps is given in supplementary
information. This recording shows that the vertical penetration of the droplet into
paper occurs so quickly as to be considered instantaneous over the time scale of the
stain growth. This finding was consistent for all types of paper tested. This very short
time scale of vertical penetration also shows that the vertical variation of fluid will
be insignificant in this study. This, combined with ignoring the variation between the
paper machine (MD) and cross (CD) directions that is known to cause slightly elliptical

stains [32| allows the process to be considered as one dimensional.

6.3.3 Stain Growth

The stain sizes with time for a series of model fluids on Whatman 41 paper are shown

in Figure 6.4. The stain size data was recorded over different time intervals. The main
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focus was on the early to mid stages and longer recordings took up significant hard disk
space and were minimised. Due to this, the relative length of the curves in Figure 6.4
vary and are only indicative of the recording time. The wicking behaviour of droplets of
water, ethanol and glycerol solutions on paper was studied. These liquids were selected
to provide a variety of viscosity and surface tension conditions for a homologous series
of fluids. Droplets of different diameter were deposited on paper and the stain area
was recorded as a function of time. Results show that the larger droplets cause larger
stain area; however, these area kinetics measurements are not scalable by any simple
function of droplet volume. In some cases, droplets of slightly larger volumes created
smaller stain sizes or vice versa (Figure 6.4d); the droplet volume difference over which
this occurs gives an indication of experimental error. Fluids of high surface tension wick
faster than fluids of low surface tension. Fluids of high viscosity wick slower than fluids
of low viscosity. These trends are consistent with Marmur’s equation [12] (equation

6.2) as well as the Lucas-Washburn equation [6].
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Figure 6.4: Evolution of stain size with time for a variety of fluids and droplet sizes on
Whatman 41 filter paper.
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6.3.4 Transition Point

A two-stage wicking behaviour becomes clearly apparent on a log-log scale for all fluids
tested. The linear counterparts to the data in Figure 6.4 are shown in supplementary
information. The transition point between the two stages was identified from the sud-
den change in the gradient in the log-log curves. The questions to address are therefore
whether these two stages have a physical meaning, and what are the mechanisms driv-

ing the phenomena.

From the gradient of the log-log curves, the exponent m (equation 6.1) can be cal-
culated before and after transition. For all aqueous solutions tested on paper, the value
of m for each system ranged between 0.26-0.44 for the first stage and between 0.12-0.20
for the second stage. These values are slightly lower than those reported in most pre-

vious studies on radial wicking [1, 2, 10].

Figure 6.5 shows the results of the same test with decane. In this case there is no
clearly defined transition point, and the stains are much larger than those from similar
volumes of aqueous solutions at all times. This size difference is highlighted by the plot

utilising the same axis dimensions as those in Figure 6.4.
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Figure 6.5: Stain size with time for decane on filter paper.

Before stain growth data for different fluids can be compared (Figure 6.4), several
droplets of similar size but from different fluids must be compared. Unfortunately,
due to varying densities and surface tensions of fluids, any needle of a given diameter
produced droplets of different size for different fluids. This meant it was not always

possible to accurately predict the size of the droplet. Reproducing identically sized
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droplets proved challenging for the different fluids. To overcome this issue, the data
was fitted to a function of volume at every frame to determine the area’s dependence
on droplet volume at that time. This function could then be interpolated to a desired
droplet volume to estimate the stain area at any volume for each frame. By combining
these interpolated area values, an estimate of the spreading dynamics could be cal-
culated. The results from interpolation agree with experimental data extremely well
and all areas were found to be strongly linear with droplet volume at any given time.
This means that the dynamics of stain growth of a droplet of any size can be predicted
accurately using the results of two droplet sizes. This linearity was also demonstrated
in our previous study [14], where the area to droplet volume relationship at equilibrium

was found to be linear.

Using the data in Figure 6.4, the area of the stain at the transition can be plotted
as a function of droplet volume. This is shown in Figure 6.6a. This demonstrates that
the stain transition area forms a linear relation with droplet volume and is independent
of fluid properties. Aqueous solutions at high concentrations of ethanol and glycerol

deviate from this trend slightly.

Figure 6.6b illustrates the timing of the stain transition point relative to the timing
of droplet disappearance above the surface of the paper for water, 40% ethanol and
60% glycerol solutions. The same figure with data from all water solutions is in sup-
plementary information. Figure 6.6b also shows that linear fits are reasonable for both
stain size transition and droplet disappearance. Using these linear fits for all fluids, the
timing of stain size transition and droplet disappearance of a 10 pL droplet is inter-
polated and compared in Figure 6.6¢. It shows that the timing of the two phenomena
is related; as one gets longer, the timing of the other generally follows proportionally.
The figure also shows that droplet disappearance always occurs before the stain growth

transition.

6.4 Discussion

6.4.1 Stain Growth

Figure 6.7 shows the results of an interpolation for the wetting area produced by a 10
nL droplet of several model fluids on Whatman 41 filter paper for the beginning of the

wicking period. There are minor differences in the transient behavior of the stain area
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Figure 6.6: a) Area at which stain transition occurs with droplet volume for all model
fluids. b) Time at which the stain wicking transition occurs as a function of droplet
volume for 3 representative fluids. Stars represent the time at which each droplet
disappears from the surface of paper. c¢) Interpolated stain size transition and drop
disappearance time data at 10 pL.

kinetics among the various aqueous solution droplets. However, the late stages appear
to converge. This late stage convergence was discussed in our previous study [14] where
the equilibrium stain size was analysed for a series of fluids. Here, decane produces a
much larger stain size than those from the other fluids tested, despite having a similar
surface tension to the 90% ethanol solution. The viscosity of decane is slightly lower
than that of any other fluids studied (Table 6.1). However, based on the relatively low
sensitivity to viscosity found with the other measurements, it is unlikely that the slightly
lower viscosity of decane is responsible for the huge discrepancy in stain behaviour
observed. The high stain size of decane was previously attributed to the purely non-

polar behaviour of the fluid, preventing any swelling of the cellulose fibers through
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relaxation of the intra and inter hydrogen bonding among fibers [3|. Swelling of fibers
results in a smaller amount of fluid available, therefore effectively decreasing the liquid
volume available to wick out. The swelling fibers will also physically become larger,
decreasing pore size [33|. Neither the effect of pore size change or liquid consumption
has been thoroughly quantified. Schuchard and Berg [33] studied the effect of swelling
fibers on vertical imbibation from an infinite reservoir. They reported the difference
between a swelling and a non-swelling fluid could be accounted for by a reduction of
the effective capillary radius in the Lucas-Washburn equation [5, 6] for normal paper
fibers.
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Figure 6.7: Interpolated data showing the spreading of 10pL droplets on a loglog scale.

6.4.2 Mechanism of the Stage Transition

A two-stage wicking regime is clearly seen on the log-log scale of stain size as a function
of time (Figure 6.4). These regimes are very reproducible and were systematically ob-
served for all fluids except for decane on paper. Several explanations for this two-stage
process were investigated. First, as decane is known not to swell cellulose fibers [33]
the transition could indicate the time at which the fibers have swollen by an amount
that would affect wicking. Tests on filter papers performed with glass fibers (non-

swelling) are given in supplementary information and also revealed a two-stage process,
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very similar to that observed on cellulosic fibers. This observation reveals that swelling
is unlikely to be responsible. A second possible explanation is the absorption of the
droplet into the paper. This process is likely to affect results as its timing correlates
with the stain transition (Figure 6.6b). However, as this absorption also occurs with
decane droplets, it is unlikely to be a dominant mechanism. Third, the transition could
represent a transition from wicking through a fully saturated to a partially saturated
substrate. This is likely to affect results; however, as there is little previous work on the
subject, the dominance of this mechanism is unknown and needs to be further probed.

This was achieved here by modelling.

The transition from a fully saturated to a semi saturated mechanism also explains the
delay seen between stain transition and droplet disappearance shown in Figure 6.6b. It
is reasonable to assume that the propagation of the effect of the droplet disappearance
(lowering of the local volume fraction), requires a finite period of time to reach the
outside of the stain. Also, the decreased volatility of decane, compared to aqueous so-
lutions, is unlikely to be responsible for the change in transition phenomena as it would
result in a smaller amount of evaporation occurring. Our previous study demonstrated
[14] that even with the more volatile fluids, no significant evaporation occurs over the
time scale studied. Therefore, lowering the evaporation further is expected to have no
effect.

6.4.3 Simulation Results

The model developed predicts the wicking behavior of sessile droplets onto a porous
surface. It requires 7 input parameters to calculate stain size as a function of time:
droplet volume (Vp), viscosity (i), paper thickness (h), scaled diffusivity at saturation
(Dy), pore distribution index (), initial wet area (Ap) and saturation volume fraction
(es). Each of these variables has a clear physical meaning and most can be identified
experimentally [16]. Although the choice for droplet volume, paper thickness and vis-
cosity is trivial, the selection of the remaining variables is more difficult. For the given
case, a value for n and therefore A\ was extrapolated from porosimetry measurement in
Figure 6.3, and a value for Ay was found by scaling the stage one data with Marmur’s
equation (equation 6.2). The value of Ay that results in a linear relation with time is
chosen as the Aq for that situation. An estimation for €, can be found by measuring
the difference between the dry weight and the wet weight of a paper sample. This was
reported for Whatman 41 filter paper previously [14] and the volume fraction of water
in wet paper can be calculated to be 0.62. The testing standard used (TAPPI 441)
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for wet weight characterisation includes a rolling step between blotting papers that is
designed to remove excess water. However, this rolling method might also remove some
excess water that will otherwise remain in a droplet wicking case. For these reasons, the
actual saturated value is likely to be slightly higher than measured. A value of €,=0.7
best fits our results. The results of a simulation with these calculated parameters and
fitting just the Dy value is shown in Figure 6.8. Parameter used in this simulation are

shown in Table 6.2. Viscosity of water is taken from literature [29].
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Figure 6.8: Comparison of experimental versus calculated values of area as a function
of time on a log-log scale.

Table 6.2: Parameters used for Figure 6.8

Parameter | Value

VD 17 pL

I 0.93 mPa-s

h 226 pm

Dy 12.09 nPa-m?
Ay 43.01 mm?

€s 0.7

n 2.2

Although modelling well represents experiments in the first stage, poor agreement is
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observed for the second stage. It is clear that the 7 parameters chosen do not fit
the second stage. This is not surprising, as only infusion porosimetry data was used
to calculate n. Hysteresis in porosimetry experiments is well documented [34] and
its relevance to wicking reported [35]. As the liquid redistribution (second) phase is
dominated by the emptying of pores, it is not surprising that a single value of n cannot
capture both the first and second stages. Figure 6.9 shows the results of a simulation
with a value of n that changes for the second stage. This value was found by fitting
the stain area data. This value could not be externally calculated because it is an
effective n for the specific combination of infiltration and redistribution occurring in
the second stage which is rather complex. Both experimental and simulation results are
also shown for a 17 pL droplet of water and 40% glycerol solution in Figure 6.9. The
only difference between these two simulations is a change in the viscosity parameter and
a refitted second stage n value. Parameters used are given in Table 6.3. The viscosity of
a 40% glycerol solution was interpolated from results of Sheely [25|. The fitted value for
second stage n was different between the two fluids, with each requiring a different fitted
n value for the second stage. The fitted value for n during the second stage is 5 and 4 for
water and glycerol respectively. The experimental results for glycerol are interpolated
from data in 6.4d as a droplet of exactly 17 nL. droplet was not tested. The water case
is very well described by the model except for a slight deviation at later times. This is
most likely because evaporation and swelling become more dominant in the later stages
and are not included in this model. The glycerol simulation predicts behavior very well
in the first stage; however, it deviates more than water in the second. This implies that
higher viscosities slightly invalidate the assumption that the redistribution of fluid can
be represented by a simple constant exponent n. Although the broad behavior is still
represented. Simulations of different droplet sizes with appropriate changes to Vp and
Ag and keeping all else constant also fit experimental data. However, small droplets
(<10 pL) are not well described by the model. This is likely because the small reservoir
results in a larger fraction of the stain having never achieved full saturation. This
would make redistribution more dominant through the whole process, and would mean
that both the calculated n value for the first stage and the fitted value of n for larger
droplets for the second stage may not be an appropriate choice. The constant size of
the fully saturated boundary condition in the first stage would also be less appropriate
for a small droplet [24].
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Figure 6.9: Simulation and experimental results for water and 40% glycerol solution on
a linear and log-log scale.

Table 6.3: Parameters used for Figure 6.9

Parameter | Water Case | 40% Glycerol Case
Vb 17 nl 17 pL

1 0.93 mPa-s 3.40 mPa-s

h 226 pm 226 pm

Dy 12.09 nPa-m? | 12.09 nPa-m?

Ay 43.01 mm? 43.01 mm?

€s 0.7 0.7

n stage 1 | 2.2 2.2

n stage 2 | 5 4

The abrupt transition from stage one to stage two and the flat region immediately after
is caused by the sudden shift in n at the stage transition of the simulation. In reality,
both the transition from saturated to a no flux boundary condition and the change
in n value happens gradually as the droplet is consumed and the dominant spreading
mechanism changes from infiltration to redistribution. This is a simplification and a
more complete model would account for this gradual shift. Not enough is known about
porosimetry hysteresis and how it is affected by local volume fraction history to ac-
count for this effect. However, the broad effects are well described by the simplification
introduced here. It is also relevant that the simulation results for the no hysteresis case
(Figure 6.8) look very similar to results with decane in that no significant transition
is observable. The simulation can be made to fit decane results with a single value of

n, however this requires new fitted values for Ay, Dy and n. This may be because the
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wetting characteristics of decane on cellulose are such that the diffusivity experiences

no significant hysteresis, and this affects the calculated parameters.

Although surface tension and contact angle of the fluid are used in calculating n from
porosimetry data, these are also likely to effect Ay and Dy; these were not included as
input parameters in the model. Both of these quantities for water and glycerol are very
similar [31], which explains why the model still fits experimental data between these

two fluids.

The results of these simulations show that there are two dominant driving mechanisms
behind the two-stage transition. First, the change from saturated to non-saturated
boundary conditions at the center of the stain. Second, a change in how pressure and
permeability vary as functions of volume fraction between systems that are dominated

by pore filling and pore emptying.

6.5 Conclusion

The evolution in time of the stain area produced by a sessile droplet deposited on paper
was measured, modelled and analysed. A series of fluids varying in surface tension and
viscosity was examined. A new model to describe the data has been developed based
on Richards’ equation [21| and is easily resolved numerically in one dimension using
experimentally measured boundary conditions and input parameters. This expands on
previous work [10-12, 15, 18] where imbibation into linear and radial systems from an
infinite reservoir has been investigated and modeled.

Radial wicking kinetics with all tested liquids besides decane showed two-stages, with a
fast initial growth regime followed by a slower regime. The first regime corresponds to
the liquid absorbing into the paper by wicking, while the second represents liquid redis-
tribution [2]. This work identifies the cause of the transition between the two regimes
to be the disappearance of the droplet coupled with the shift in mechanism due to the
redistribution occurring in the second phase. This modeling technique also describes
well the experimental results for both regimes. Further, the 7 parameters of the model
have all a physical meaning and can be either measured experimentally or calculated.
This research contributes to the fundamental understanding of the wicking mechanism.
The proposed modeling technique allows the quantification and prediction of stain dy-
namics in a variety of industrially relevant situations that were previously deemed too

complex. The wicking of a finite reservoir is a common process in the printing, textile,
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agriculture and medical industries, and the development of a method of prediction will

assist in the design and optimisation of new technologies. This study also provides a

rigorous and physically meaningful alternative to the semi-empirical Lucas-Washburn

equation to describe the wicking kinetics of droplets in real porous media.
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6.8 Supplementary

Mesh refinement
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Chapter 7

Wicking of Biological Fluids

Preface

As the droplet deposition mechanism is used commonly in the operation of paper-
based diagnostics, radial wicking from a single droplet of complex fluids is critical.
The previous chapters identified the importance of this phenomenon as a fast and
easy measure of many properties that can be used in diagnostics. The dominance of
hysteresis in second stage stain growth after the drop is absorbed by the paper was also
highlighted. In this chapter, the dynamics of a droplet of blood and other biological
fluids spreading on paper is analysed and the model introduced in chapter 6 is expanded
to include the effect of biological components. This chapter was published in Langmuir
in 2020. The text was reformatted to be consistent with the remaining sections; no

other changes have been made. The article as published is provided in Appendix A.
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Abstract

In this study, we analyze stain growth kinetics from droplets of biological fluids such
as blood, plasma, and protein solutions on paper both experimentally and numerically.
The primary difference of biological fluids from a simple fluid is a significant wet-
ting /dewetting hysteresis in paper. This becomes important in later stages of droplet
wicking, after the droplet has been completely absorbed into paper. This is shown by
anomalous power dependence of area with time in the later stages of radial wicking. At
early stages, current numerical wicking models can predict stain growth of biological
fluids. However, at later stages, the introduction of hysteresis complicates modeling
significantly. We show that the cause of the observed hysteresis is due to contact an-
gle effects and that this is the dominant mechanism that leads to the anomalous stain
growth kinetics measured uniquely in biological fluids. Results presented will streamline
the design process of paper-based diagnostics, allowing a modeling approach instead of

a trial and error method.



CHAPTER 7 — WICKING OF BIOLOGICAL FLUIDS 167

7.1 Introduction

Paper-based diagnostics are integral in an industry-wide shift toward low-cost, point-
of-care medical devices. Paper is a flexible platform for these devices because of its
low cost and capacity to easily induce passive flows through wicking phenomena caused
by capillary forces. Current devices on the market are typically reliant on a trial and
error design process because not enough is known about wicking phenomena in paper.
While wicking of simple fluids has been well studied as it is integral to many industrial
applications including, textiles, printing, agricultural, and medicine, [1-6], wicking of
complex fluids has not been studied in depth. This is required for the design of paper-
based diagnostics as it will allow the efficient optimization of parameters such as paper
properties and geometry. Also, as paper-based devices often involve reactions inside a
wicking fluid, a thorough understanding of wicking phenomena is required before any
sophisticated reaction optimization can take place. There are critical and distinct dif-
ferences in the behavior of simple fluids when compared to complex biological fluids and
suspensions. Also, the mechanism behind stain growth transition in droplet wicking
remains unknown as it has been poorly studied. This lack of understanding is partic-
ularly acute for human blood on paper. Much of the literature on the topic is in the
field of forensics and is focused on applications rather than fundamental understanding.
[7-9].

Biological fluids have many different components that cause complexities. The cell
component of blood introduces rheological changes such as a shear-thinning viscosity
and granularity caused by the presence of highly deformable red blood cells (RBCs)|[10].
Also, the significant protein content and lipid component of blood plasma will adsorb
onto both solid-liquid and liquid—vapor interfaces, affecting the contact angle, surface
tension, and viscosity of the system nonuniformly [11, 12]. The most abundant protein
in blood is albumin [13] and has been shown to significantly impact wicking in paper

[11].

Wicking is caused by a negative pressure produced by the curved meniscus at the
air—-liquid interface between pores. The pressure developed in a pore can be approx-
imated with the Young-Laplace equation applied for a capillary with a circular cross

section and setting the atmospheric pressure to zero (equation 7.1)

_ 2ycosf
R

pP= (7.1)
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where P is the pressure on the liquid side of the meniscus, 7y is the surface liquid-vapor
surface tension, R is the radius of the capillary and € is the contact angle. This nega-
tive pressure causes Poiseuille flow toward the meniscus, drawing further fluid into the
capillary and moving the interface. In a complex porous material like paper, the pore
radius changes depending on position. Therefore, the capillary pressure is not constant
and depends on the pore radius. The contact angle at the meniscus is also a critical

parameter affecting the driving force.

The radial wicking of a droplet on paper is an example of a complex wicking scenario,
and several studies have analyzed stain growth as a function of time [14-17]. In this
situation, stain growth continues well after the droplet has absorbed into the paper and
disappeared from the surface. The absorption of the drop a finite time after deposition
causes a decrease in the spreading rate, which can be clearly identified from the stain
growth kinetics plotted on a log-log scale. The two stages observed are referred to as
stage one, where the drop is still present above the paper, and stage two, where the drop
has been completely consumed. Before the transition, spreading is driven only by the
infiltration of pores near the edge of the stain. After the transition, the reservoir of fluid
is consumed and any further stain growth is caused by the redistribution of fluid from the
large pores in the center to the unfilled small pores at the edge of the stain. This causes
voids to form in the central region, creating receding air interfaces and therefore negative
capillary pressures to form within large pores at the center of the stain. This effect
causes impedance to further stain growth. At first, the small radius of the filling pores
near the edge of the stain dominates and stain growth continues [18]. This becomes less
dominant at later times as the meniscus in the center region moves into incrementally
smaller pores. Stain growth transition was shown to depend on a hysteresis effect
presenting as a difference between infiltration and emptying porous networks [19]. Our
previous numerical study showed that including hysteresis is essential to produce clear
second-stage transitions and that an increase of hysteresis severity results in a more
drastic stage transition [20]. This reveals that the stain growth transition is not caused
directly by the consumption of the droplet reservoir. Instead, the stage transition occurs
because of a pore hysteresis that only becomes relevant once the droplet is consumed;
this is because until this point there are no emptying pores. The cause of this hysteresis
is poorly understood and is likely to be material dependent. However, the most likely
causes are entrapment due to decreased pore interconnectivity, contact angle hysteresis,

and fiber swelling.
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Figure 7.1: Advancing and receding contact angle in a model capillary with adsorbed
biomolecules.

It is the objective of this study to elucidate the cause of wetting/dewetting hysteresis
in paper and the effect that biological components have on the radial wicking process
(Figure 7.1). This is achieved through experimental analysis of stain growth of bio-
logical fluids, contact angle experiments, full-morphology numerical analysis [21], and
continuum scale modeling using the Richards equation [22]. This work enables the
prediction of the wicking behavior of biological fluids for the efficient development of

paper diagnostics.

7.2 Experimental Section

7.2.1 Materials

Cellulose films for contact angle experiments were prepared in the same way as several
previous studies [11, 23, 24]. Here a 0.5 wt % solution of cellulose acetate (Sigma-
Aldrich) in acetone (analytical reagent, Thermo Fisher Scientific) was spin-coated onto
glass and then soaked in a 0.5 wt % solution of sodium methoxide (Sigma-Aldrich) in
methanol (analytical reagent, Thermo Fisher Scientific). Whatman 41 filter paper was
used for wicking tests, and the blood used was collected with consent by the Red Cross
Blood Service Australia following strict ethics requirements. Blood was mixed with
ethylenediaminetetraacetic acid (EDTA) as an anticoagulant at collection to prevent

coagulation.
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7.2.2 Methods

Experimental Process

Stain growth data were gathered by monitoring the stain size as a function of time after
droplet deposition with the same setup as in our previous study [20]. The bottom view
of the paper is captured using a Point Grey Flea3 camera directed onto a 45 degree
mirror positioned underneath the paper. Examples of captured images are shown in
Figure 7.2. Images were taken at a rate of 120 frames/s and analyzed in ImageJ to give
area as a function of time. Droplets were created by pumping at a constant flow rate
through a needle; this caused droplets of constant size to fall periodically. The size of
the droplet was calculated from weight measured using a Mettler Toledo TLE balance
before the needle was positioned above the paper. The average weight of the previous
four droplets was divided by the fluid’s density to estimate the volume of the droplet.
The size of the droplet was altered using needles of varying outer diameters. Needles
were made by hand by drawing out heated glass capillary tubes. Protein adsorption
onto the needle resulted in varying drop volumes. To overcome this, the needles were
submersed in the test fluid for 30 min prior to create a saturated layer of adsorbed

biomolecules.

Contact angles were measured with an OCA35 Dataphysics contact angle instrument.
For advancing and receding measurements, a pump rate of 20 pL/s was used. The
presented values are the mean of at least six measurements, and the same batch of cel-
lulose films was used to decrease variability. The static contact angles of blood, plasma
and water on silicon wafers were also measured. Advancing contact angles of water
and plasma on cellulose have been previously reported [11]. These were measured and
are presented again as a comparison with these new receding measurements with blood
components. All wicking and contact angle tests were performed at 23 °C and 50%

relative humidity.

The internal structure of the paper used was imaged with a Zeiss Xradia 520 Versa
high-resolution x-ray computed tomography scanner. The size of the scan was 150 pm
x 150 pm x 205 pm with a resolution of 0.46 pm (voxel volume = 0.46 pm x 0.46 pm
x 0.46 pm). The images were binarised in ImageJ using ANKAphase plugin [25]. This
plugin implements a phase-contrast algorithm [26] which was required due to the low
absorption of x-rays by cellulose. For analysis the imaged section is required to be rep-

resentative of the bulk. For this to be true, the size of the image must be larger than
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the length scale of heterogeneities in the material. This was confirmed by cropping the
image to different sizes and calculating the average volume fraction of the fibers in the
new image. As the image size was increased, the average volume fraction plateaued to
a constant, indicating that the taken image was large enough to be representative of

the bulk properties of the paper.

Numerical Methods

The model selected adopts a similar approach to that of several previous studies |20, 27—

29]. The Richards equation (equation 7.2) is used to relate volume fraction time and

gf -V (KEL@VP> (7.2)

pressure.

where ¢ is the volume fraction divided by the maximum saturation in the material (),
K is the permeability, u is viscosity, P is pressure, and t is time. In most wicking
systems, pressure is a function of only the volume fraction. Due to this, the simpler

equation 7.3 can be used.

where D(¢) is given by: 9P ()
D(¢) =K (¢)T¢ (7.4)
K (6) = Koo ™ (75)
az;g(;b) _ vcosA@Pm $=52 (7.6)

Expressions for K (¢) and ag—f) (equations 7.5 and 7.6) can be derived using the Brooks-
Coorey model [30]. Equation 7.6 has been altered to include a linear relationship with
surface tension and the cosine of the contact angle. This relationship is predicted from

equation 7.1. These expressions are substituted into equation 7.4 to give equations 7.7
and 7.8.

A is the pore distribution index derived from mercury porosimetry or full morphol-
ogy. In the typical expression derived from the Brooks-Coorey analysis, the product
% is represented as a single constant, usually defined as the capillary pressure at
maximum saturation. This is sometimes set to atmospheric pressure and sometimes left

as an empirical constant depending on best fit to data. Here, contributions from surface



CHAPTER 7 — WICKING OF BIOLOGICAL FLUIDS 172

tension and contact angle on this constant are separated from the contribution from
material choice P,, and A. The effect of P, is indistinguishable from K in equation
7.8, so the estimation of this value is not possible. However, both of these constants
should be properties of the paper and therefore constant between fluids. Therefore, the
product KyFP,, can be calculated from experimental data using a single fluid and then

used for all fluids on that same paper.

2241

D(¢) = Do~ (7.7)
Dy = W (7.8)

Once all substitutions have been made, equation 7.3 is solved using an implicit finite
volume method using the open source PDE solver arb [31] over a two-dimensional
axisymmetric domain. The same uniform structured mesh and temporal resolution
were used as validated in our previous study [20]. ér = 0.02r. and 6t = 0.01 s where 7,
is the droplet radius. No flux boundary conditions are used on all external faces except
for a small region where the droplet is in contact with the paper. Here, a saturated
boundary condition is used. The simulation is stopped when the total volume of fluid
inside the domain equals the specified volume of the initial droplet. This introduces
three additional parameters: the thickness of the paper A, the volume of the droplet V'
and the radius of the contact patch r.. The radius of contact can be estimated using
the following equation
5 3V sin®0

~ 20 7.9
Te 7 |2 — 3cos0 + cos30 (7.9)

This equation is derived assuming spherical cap geometry on a solid surface. This is not
rigorously exact on paper because some of the liquid is absorbed and the instantaneous
contact angle over paper will be different to that calculated on other cellulose surfaces
due to porosity and roughness. The simplifications introduced in the model mean that
the real contact area differs slightly from the effective contact area used in simulations.
This is likely caused by ignoring the effects of inertia and dynamic contact angle. Both
these effects have been shown to influence some wicking systems particularly at early
times when velocities are high [32-34]. Despite this, equation 7.9 provides a robust

approximation.

Fiber interconnectivity is analyzed with a full-morphology processing step. This is
a quasi-static simulation technique to predict the pressure variation in a porous mate-

rial at various levels of infiltration. It was first developed by Hazlett [21] and has since
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been used widely to analyze a variety of porous materials, including paper [28, 35].
The method uses a three dimentional (3D) geometry and relies on fitting spheres of
constant diameter inside the void space in the geometry. These spheres are allowed to
intersect each other but not with the fibers. As the Laplace equation (equation 7.1) can
be used to relate the radius of these spheres to a pressure, the level of infiltration can be
calculated as the original nonfiber volume in the paper minus the volume occupied by
the overlapping spheres. This is achieved by labeling all voxels occupied by spheres and
then adding the volume of all labeled voxels. In this way, the overlap between spheres
can be overcome and the true volume of the nonwetting phase calculated accurately.
Varying the size of the spheres allows the level of infiltration corresponding to each

capillary pressure to be calculated.

Most previous studies have used a commercial implementation of the full-morphology
algorithm called GeoDict by Math2Market. For this study, a custom full morphology
implementation was developed and written with Matlab. The code used can be found
at https://github.com /MHertaeg/Full-Morpholology.git.

7.3 Results

Figure 7.2 demonstrates the stain progression at different times after droplet deposition
on the same paper for similar volumes of blood, plasma, and water. Achieving iden-
tically sized droplets of different fluids was not possible because fluid surface tension
and viscosity affect the volume of droplets generated with a needle. Even from the very
early stages of stain growth, blood has a very small stain size followed by plasma and
then water. Differences in stain size are highlighted by the change in scale bar length
between fluids. There is also a difference between the roughness of the stain boundary
of different fluids, clearly forming different fractal dimensions. The highest roughness
is seen in blood followed by plasma and water. All stains are slightly elliptical, with the
major axis aligned with the paper’s machine direction, indicating the expected slight

fiber alignment in that direction.

Figure 7.3 shows the growth of stain area with time from droplets of plasma and blood
wicking on filter paper. The log-scale plots are presented, as the gradient of these
indicates the power dependence of area with time. These log-scale plots clearly display

two typically delineated linear regions [20]. These two regions identify the first and
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Figure 7.2: Progression of stains from similar volumes of blood, plasma, and water
after droplet deposition on the same paper. Note the different sized scale bars for the
different fluids. Droplet volumes: blood 12.9 pL, plasma 13.5 pL. and water 13.8 nL.

second stages of radial wicking. Although similar in form, blood wicks more slowly
than plasma; this is shown by the different vertical scale used to plot the two fluids. It
can also be seen that the stage transition occurs much later in blood than in plasma.
Discrepancies in blood wicking show that variability is higher between donors with
whole blood compared to plasma. This is due to differences in red blood cells between
individuals [36, 37|. Figure 7.6 in the supplementary section shows the variability caused

by different donors.

Stain growth tests were also performed with bovine serum albumin (BSA) solution, red
cells suspended in phosphate-buffered saline (PBS) and water. This was undertaken
to identify the effect cells and protein have on the wicking process. Cells combined
with water were tested as this was anticipated to cause a significant number of cells to
lyse (burst) driven by a high osmotic pressure difference between the cell and the bulk
solution. Albumin is the most abundant protein in blood [13]| and therefore serves as
a simplified model of plasma. A BSA concentration of 83 g/L. BSA in PBS was chosen
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Figure 7.3: Evolution of stain growth with time for droplets of varying volumes. (a)
Plasma linear scale, (b) plasma log scale, (c) blood linear scale, and (d) blood log scale.

as it is close to the protein concentration in plasma and has been shown to mimic the
wicking behavior of plasma [11]. All red blood cell solutions were prepared at a con-
centration of 45% by volume to be similar to blood [38]. Stain growth kinetics from all
of these fluids are compared to water [20] in Figure 7.4. As experimental limitations
prevented measuring the stain growth from identically sized drops of different fluids,
interpolated data must be used. This interpolation was achieved by finding the stain
size at every time point and fitting to a linear function of drop volume. Then, using this
function, the stain size at any drop volume could be estimated. By combining interpo-
lated stain area data at each time point, the full stain growth plot of any sized droplet
could be determined. Figures 7.6 and 7.7 in supplementary information show the fit of
results to linear functions of drop volume for plasma and blood 30 s after droplet deposi-

tion. These can be used to demonstrate the small error introduced by this interpolation.
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Table 7.1: Experimental Contact Angles and Stain Area powers of Biofluids

Fluid Advancing | Receding Hysteresis First Stage | Second Stage
O udv 0,ec c08(Orec) — c0S(Gaan) Power Power
Water 15 5 0.03 0.33 £ 0.11 | 0.15 £ 0.04
Plasma 28 12 0.09 0.32 & 0.02 | 0.06 4+ 0.01
Blood 46 3 0.30 0.24 + 0.04 ~ 0

Figure 7.4 displays a significant difference between the stain growths of the differ-
ent blood components and water. Pure water wicks very quickly followed by plasma,
red blood cell solutions, and then whole blood. Stains from suspensions of blood cells
in water and red blood cells in PBS achieve the same equilibrium size. However, red
blood cells in water are slightly slower to reach equilibrium. As expected, the behavior
of blood plasma is mimicked with the 83 g/L. BSA solution. Comparing the gradient of
a log-log plot reveals the power dependence of the relationship with time. This value
has been quoted in previous studies [15, 16] and is very reproducible between results
of the same fluid and substrate. The calculated power values for different fluids are
shown in Table 7.1. All first-stage powers are similar, but second-stage powers vary
significantly. The second-stage power for blood is effectively zero as the stains come to

an abrupt halt after a short transition region.

Table 7.1 also shows advancing and receding contact angles of water, plasma and blood
on cellulose films. The biological fluids have significantly higher advancing contact an-
gles when compared to water; however, receding angles do not show this trend. The
receding angle for blood is lower than all other tested fluids although its difference from
water is not significant, particularly considering the inaccuracies in measuring very low
contact angles. Contact angle hysteresis is usually presented as a difference in angles.
Here, the differences between cosines of the advancing and receding contact angles are
displayed in Table 7.1 as this is how the contact angle is included in equation 7.1.
This metric is presented to indicate the severity of contact angle hysteresis for these
fluids. Plasma produces 3 times the contact angle hysteresis as that of water on cel-
lulose; for blood, it is 10 times. These results demonstrate that there is a correlation
between a severe contact angle hysteresis and a low second-stage power. Contact angle
measurements for sessile droplets of water, plasma, and blood on silicon wafers were
also performed. In this case, all fluids were found to have a similar contact angle of

approximately 61 degrees.
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Figure 7.4: Stain growth of several biofluids interpolated to 15 pL.

7.3.1 Numerical Results

Results of numerical simulations compared to experimental wicking in the first stage for
water, plasma, and blood are shown in Figure 7.5. Good agreement is found apart from
the very early stages and the region right before stage transition. The simulations also
predict well the timing of the first to second stage transition as the end of simulation
results correlates to the position of the change of gradient in the log-log experimental
data. The parameters used for each result are shown in Table 7.2. h is the thickness
of the paper, ¢, is the saturation volume fraction, A is the pore distribution index, u
is the dynamic viscosity of the fluids, € is the contact angle and r. is the radius of the

contact patch of the droplet.

h, e, and A are properties of the paper and are calculated or measured in our previous
study [20]. The value for KyP,, was calculated with equation 7.8 using apreviously
reported value of Dy [20]. Viscosities are found from the literature. Both blood and
plasma have been shown to be shear-thinning; [10] however, as the shear rate in wicking
is likely to be very small, a constant viscosity is assumed. 6 is the advancing contact

angle from Table 7.1.

A few studies have reported the surface tension of blood and plasma. However, the
reported values vary significantly [39-41]. This variability could be caused by a num-
ber of factors: differences between individuals, use of different anticoagulants in blood
collection, different storage conditions, or longer delays between donation and mea-

surement. Variability is also caused by a dynamic surface tension due to a transient
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adsorption of proteins that is rarely considered [42]. Pendant drop surface tensiometry
[43] was performed on the samples of whole blood and plasma used in measurements.
Due to the quickly changing surface tension right after droplet formation and its de-
pendence on interface dynamics, results were variable. Representative measurements
over a large time interval are presented in Figure 7.8 in supplementary information.
These correlate with the range of values previously reported. The complex interfacial
behavior of such systems means that the surface tension of these fluids will be a func-
tion of geometry and diffusion dynamics. Therefore, the effective surface tension in any
particular system is difficult to estimate without precise measurements. For this reason,
surface tension was fit to data, although the fitted values are within measured ranges
for both plasma and blood. Values for r. are also found by fitting to data. The fitted
values are within 20% of the approximate values calculated from equation 7.9 using the

volume of the droplet and the measured contact angle on cellulose.

Table 7.2: Parameters used in Figure 7.5

Parameter | Water Plasma Blood

V (nL) 15 15 15

w (mPa-s) | 0.93 [44] | 1.74[11] 4 [10]

v (mN/m) | 72.31 [45] | 60 50

0 (deg) 15 28 46

h (pm) 226 [11] 226 [11] 226 [11]
KyP, 8.61x10-7 | 8.61x10-7 | 8.61x10-7
r. (mm) 3.4 3.4 3.1

€s 0.7 [20] 0.7 |20] 0.7 [20]

A 5.0 [20] 5.0 [20] 5.0 [20]

Full-morphology analysis was performed to assess the effect of liquid entrapment due to
insufficient pore interconnectivity and whether this is a primary cause of the observed
hysteresis. This is achieved by changing the algorithm to only include a wetting phase
infiltration if pores are connected to a wetting phase reservoir at the edge of the do-
main. This step is common in full-morphology algorithms to account for entrapment
of both wetting and nonwetting phases [46]. With this condition included, the current
analysis shows negligible change. This implies that the paper pores are sufficiently

interconnected to prevent liquid entrapment.
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Figure 7.5: Simulation of the stain area as a function of time on log-log scale results

for the first stage of wicking on paper. The parameters of Table 7.2 were used with
equations 7.3, 7.7 and 7.8.

7.4 Discussion

Measurements of the stain area as a function of time from several biological fluids are
shown in linear and log-log scales in Figure 7.4. A significant difference in the stain
growth kinetics between biological fluids with substantial cell and protein content ap-
pears when compared to simple, pure fluids. The second-stage power is strongly system
dependent for biological fluids (Table 7.1). Previous numerical research [20] attributed
a change in power in the second stage to porosimetry hysteresis. This hysteresis is
caused by differences in wetting/dewetting phenomena and a more severe hysteresis
has been shown to cause a lower second-stage gradient. This is because de-wetting
only occurs when the pores begin to empty after the droplet has been consumed. This
occurs at the end of the first stage as the droplet disappears from the surface of the
paper. The low second stage powers exhibited by biological fluids imply that hysteresis
is more severe for these fluids. Therefore, to understand the wicking behavior of these

complex fluids, the mechanism of porosimetry hysteresis is investigated.

When a droplet is deposited onto the surface of a wettable porous media made of inter-

connected pores, two phenomena happen concomitantly. The droplet absorbs within
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the surface and starts wicking along the pores or fibers of the media. Likewise, wicking
is a two-step phenomenon dictated by two distinct mechanisms [17]. In the first stage,
the pores are filled with fluid provided by the droplet that is slowly being consumed.
After some time, the droplet disappears, which initiates the second stage of radial wick-
ing. In this stage, the fluid required to fill pores on the outside of the stain is provided
by emptying the larger pores, causing the larger pores to be refilled with air. After the
transition, the mechanism responsible for stain growth changes from wetting for the first
stage (fluid moving from the droplet into the pores) to a combined wetting/dewetting
mechanism for the second [20] (fluid moving from large to small pores). The advancing
and receding contact angles drive each process, respectively. Should the advancing and
receding angles be similar, or close, such as for decane on paper, a single wicking stage
is observed [20]. For most fluids and biological fluids in particular, this is not the case.
Wetting and protein adsorption change the three interfacial tensions [11], thus chang-
ing the wetting of an advancing or receding front of the liquid. This means that the
advancing angle will be much higher than the receding angle. This affects the driving
force behind stain growth and creates the second wicking stage discrepancy discovered

in this study.

The developed model can predict the behavior in the first stage. Predictions in Figure
7.5 deviate from experimental results in the very early stages of stain growth because
this region is dominated by effects that are not included in the model. These include in-
ertial and surface impact/wetting effects. As biological fluids show more deviation from
the model at early times, this is likely caused by biomolecule adsorption, which brings
about dynamic changes in the contact angle, surface tension and viscosity [11, 42]. Re-
sults imply that this adsorption has a very short time scale in this system. This is why
broad accuracy is achieved using constant parameters. The later stages, right before
stage transition, are also not well predicted. This is because in reality, stage transition
does not happen instantaneously when the drop is consumed. There is instead a finite
time over which the transition occurs. During this transition, the assumptions of con-
stant droplet contact radius and constant saturation are invalid. This is particularly
true for blood as the low viscosity and surface tension combined with a high contact
angle result in a very slow stage transition that is not captured by this model. De-
spite these discrepancies, simulation results demonstrate that differences in stain sizes
between biological and simple fluids are explained solely by changes in surface tension,
contact angle, and viscosity. Continuing the simulation with a shift in boundary con-

ditions to model consumption of the droplet was previously investigated [20]. A good



CHAPTER 7 — WICKING OF BIOLOGICAL FLUIDS 181

agreement was found for simple fluids; however, such an agreement could not be found
for biological fluids. This is likely because hysteresis of contact angles of the wicking
fluid is very severe in biological fluids and the simple power law model used previously

to account for this in simple fluids is no longer sufficient.

Before a more complete model of second-stage wicking can be derived, the mechanism
of porosimetry hysteresis in these systems must be determined and quantified. Three
hysteresis mechanisms have been investigated: (1) entrapment in a porous network, (2)
fiber swelling, and (3) contact angle hysteresis. The effect of these factors is analyzed

below.

In a capillary system, infiltration of the wetting phase will occur only if the non-wetting
phase has an evacuation route. Similarly, if a fully wet capillary system is emptied, full
evacuation of the wetting phase will not happen unless all wet regions have a path to
the applied suction. In paper, the entrapment of liquid could occur during the second
stage if initial stages of emptying caused the isolation of small areas of the wetting fluid
in isolated areas of smaller pores. This entrapment of fluid in the second stage would

produce the observed hysteresis effect.

Full-morphology analysis was used to identify the effect of liquid entrapment. Analysis
shows that pores in paper are sufficiently interconnected with a large range of pore sizes
such that no entrapment occurs. Thus, limited pore connectivity cannot be the pri-
mary cause of the observed hysteresis. This is particularly evident when it is considered
that the resolution used would not capture the very small connections caused by fiber
overlaps and intrafiber crevices. These very small channels were shown to be partially
responsible for fluid transport in paper [47] and would result in a higher than calculated
pore connectivity. Figure 7.9 in supplementary information shows the results from full-
morphology analysis in comparison to mercury porosimetry measurements fit to the
Brooks-Coorey model of pore dynamics [30]. Mercury porosimetry data and model fit
are reproduced from a previous study on the same paper [20]. Our full-morphology
calculation is similar to model and experimental results. Discrepancies mostly at high
and low volume fractions are caused by errors in both full morphology and mercury
porosimetry techniques. The true pressure against the volume fraction curve likely lies
in between the two calculated values. Porosimetry results also demonstrate that the
majority of the pores in paper are larger than the average size of red blood cells (6 pm)

[10]. This supports the use of the Richards equation in this system as it implies that
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blood can be modeled as a continuum.

Another possible cause of the observed hysteresis is paper swelling. This is because
swelling fibers effectively consume fluid, removing it from the system and reducing the
local pore radius and volume. This decreasing volume of fluid in the system could create
a hysteresis effect. This is unlikely as this would not correspond with first-to-second
stage transition unless swelling occurred suddenly a finite time after contact. Previous
studies showed that the time scale of swelling in normal paper fibers is very short (less
than 1 s), so this is unlikely to have an effect [48]. It was also found that a two-stage
behavior is still observed in paper made with nonswelling glass fibers [20]. Therefore,

swelling is also unlikely to be the cause of hysteresis.

Contact angles experience hysteresis because local physical and chemical heterogeneities
produce pinning forces. This could affect the second-stage behavior significantly as the
introduction of voids in the center of the stain in this stage creates receding interfaces.
Any hysteresis in contact angles would alter the relative magnitude of the capillary
pressures at the advancing and receding interfaces. As this is what determines the
wicking rate in the second-stage, results would likely be affected significantly. Results
in Table 7.1 show that these systems do experience significant contact angle hysteresis
and the trend in hysteresis matches that of the second-stage powers. Therefore, con-
tact angle hysteresis is likely to be the cause of the two-stage behavior measured in
radial wicking. This also explains the reported relationship between the contact an-
gle and equilibrium size [11|. Contact angle hysteresis defines the additional resistance

to stain growth in the second stage and the anomalous stain kinetics of biological fluids.

Increased advancing contact angle of biological fluids on cellulose has previously been
shown to be caused by an increase in solid-liquid interfacial energy due to protein ad-
sorption [11]. The new results presented here show that, in most cases, the receding
angle remains low due to pinning forces resisting the triple line motion. These pinning
forces could be produced by adsorbed protein and cells at the contact line. This pin-
ning due to adsorbed constituents is commonly observed in many colloid suspensions
and would be more severe in blood as compared to plasma. This behavior is matched
by experimental results. This implies that the primary cause of the anomalous stain
growth behavior of biological fluids is a severe contact angle hysteresis (Figure 7.1).
This occurs because adsorbed biomolecules cause a high advancing contact angle but

do not alter the receding angle significantly.
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Attempts were made to alter the developed model to incorporate the effects of con-
tact angle hysteresis. This was achieved by including contact angle as a function of
the temporal gradient of volume fraction. To do this, equation 7.3 cannot be used as
pressure is no longer solely a function of the volume fraction of fluid in pores. Equation
7.2 must be selected instead, which requires pressure to be calculated at each cell. A
pressure equation can be derived by integrating equation 7.6; however, this introduces
two numerical difficulties. First, the equation predicts a negative infinite pressure at
¢ = 0; this can be overcome by assuming a linear function of pressure from a threshold
minimum volume fraction. This had a negligible effect on results as it maintains the
required high pressure gradient over areas with a small volume fraction that was not
achieved by simply setting a lower pressure limit. Second, the new pressure field is
discontinuous in regions where the temporal gradient of volume fraction changes signs
or where the mechanism shifts from filling to emptying. This produces convergence
difficulties that could not be resolved. A more detailed numerical study is required to

properly resolve the effect of contact angle hysteresis in radial wicking.

The developed model is capable of predicting results in the first stage of wicking for
all tested fluids by including values of surface tension, contact angle, and viscosity.
This shows that the dynamics for complex fluids in this regime are driven by the same
mechanisms as simple fluids [20, 27-29|. Results highlight the role of hysteresis in these
systems as it is the primary difference between the two stages. For biological fluids,
wetting /dewetting hysteresis in the second stage is too severe to model with current
techniques. Experimental and numerical investigations show that this hysteresis arises
from contact angle effects due to the protein and cell component of the fluids. This

identifies why the power relationship with time for these fluids is low.

7.5 Conclusions

In this study, the wicking of biological fluids including human blood, plasma, and
protein solutions on paper was measured and modeled from first principles. This was
to optimize the design of novel low-cost paper-based diagnostics. A combination of
high-speed photography, image processing, and numerical modeling was used. The
stain size of biological fluids on paper was recorded as a function of time. A unique
second-stage behavior was discovered, differing from that of simple fluids. The two-

phase wicking behavior of biological fluids on paper is best visualized by following the
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stain area as a function of time on a log-log plot. The cause of the second wicking
stage of biological fluids is a severe wetting/dewetting hysteresis. Wetting experiments
with model systems revealed contact angle hysteresis to be the most likely cause of
hysteresis. Fiber swelling and liquid entrapment in porous media were also investigated
and dismissed. The difference between first stages exhibited by the different fluids
tested was solely driven by differences in viscosity, surface tension, and contact angle.
This was demonstrated with a good fit to numerical modeling in the first stage. These
results give significant insights into the wicking of biological fluids in paper, particularly
in finite reservoir systems where the investigated hysteresis will be significant. This
knowledge now enables the development and optimization of a new generation of low-
cost diagnostic devices with powerful tools such as computational fluid dynamics and

mathematical modeling.
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Figure 7.6: Blood stain size at 30 seconds for a range of drop volumes. Linear fit is
not as accurate as plasma, this is caused by variations in blood composition between

donors.
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Chapter 8

Pattern Formation in Blood Drops

8.1 Introduction

Blood droplet analysis has been used in the field of forensics for many years [1|. Tt
is only recently that its medical applications have received attention, where patterns
produced in dried blood was indicative of several important medical conditions |2, 3].
These include carcinoma [4], anaemia, hyperlipemeia [5], thalasemia, jaundice [6] and
many more [7|. These findings indicate the potential for a new generation of low-cost
point of care diagnostics where all that is required is a droplet of patient blood and a
standard surface. Although these techniques are promising, more research is required
before robust tests can be designed, and results relied on for diagnosis. This is because
the mechanisms that lead to pattern formation in drying droplets of blood is poorly

understood.

Much of the previous research on the medical applications of blood droplet analysis
has focused on the appearance of cracking patterns [8-10]. These are easily seen by
eye and therefore have potential to be used for diagnostics. The appearance of several
different concentrations of red blood cells (RBCs) in plasma are shown in Figure 8.1.
Crack initiation and propagation is a complex process that is reproducible and highly
dependent on the properties of the particle system [11]. This is why pattern formation
can differentiate the small variations caused by disease. The concept behind these diag-
nostics is to visually analyse crack pattern formation in a drying droplets deposited on
a model surface. Any change in RBC concentration, shape, rigidity or plasma surface
tension will cause different dynamics and final appearance. Therefore relating crack
patterns quantified by image analysis with pathology. There are many models that

are used to predict cracking patterns in a variety of drying systems [12-16], although

193
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complications in blood systems make their application difficult. One such complication
is the redistribution of components that occurs in the early stages of drying, which is
responsible for the ring-like profile that develops in most circumstances [5]. Previous
literature regarding this process in simple colloids and blood are reviewed in section
2.5.

(c) (d)

Figure 8.1: Images of droplets dried on untreated glass. Red blood cells (RBC) com-
bined with plasma at different concentrations are shown. a) 0%, b) 15%, ¢) 30%, d)
45%. Scale bar applies to all images.

Here, the drying of droplets varying in red blood cell (RBC) and protein content are
analysed. The drying dynamics of RBC suspensions are compared with simple colloidal

particles and the dominant factors that affect the morphology of dried blood drops
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are investigated. This is done by drying droplets of red blood cell suspensions at
different concentrations and varying protein content on a selection of smooth treated

glass surfaces providing a range of contact angles.

8.2 Methods

Model RBC suspensions were made with whole blood provided by the Red Cross Aus-
tralia with EDTA as anticoagulant. RBCs were washed 3 times by centrifugation,
removing the supernatant and then re-suspending in phosphate buffered saline (PBS).
The pellet left after centrifugation was assumed to be 100 vol% cells, which was com-
bined with the selected solution to the required concentration. 3 different solutions were
used: Plasma, which was collected from the same sample by removing the supernatant
after the first washing step. Phosphate buffered saline (PBS) purchased from Sigma
and made up with water purified with a Millipore Milli-Q system. Bovine serum albu-
min (BSA), which was diluted in PBS from 30% (wt/v) solutions from BioCSL. 6 pL
droplets of suspensions were deposited onto WestLab glass microscope slides with an
Eppendorf automatic pipette and left to dry at 23°C 50% relative humidity. The wetta-
bility of glass slides was altered with a PDC-002-HP Harrik Plasma, plasma cleaner and
measured by contact angle. Slides were treated for 3 minutes on the medium setting.
Contact angle measurements were performed with a OCA35 DataPhysics contact angle
instrument within 1 minute of depositing the droplet. The presented contact angles
are the mean of at least 4 measurements over at least 2 different donors. Height profile
scans were measured using an Olympus LEXT OLS5000 laser confocal microscope. 4
replicates of each test were performed, this included two result from 2 different donors.
Profilometry figures show all these measurements together. 6-8 pm nominal diameter
polystyrene beads were purchased from PROSCITECH and were concentrated by cen-
trifuging at 2500 rcf for 3.5 minutes and removing supernatant. Deuterium oxide from
Sigma-Aldrich was mixed with solutions to density match the particles and the fluid.
Care was taken to undertake experiments in still air; however, slight directionality was

seen in many tests due to a sensitivity to air circulation currents.

8.3 Results

Blood droplets of constant volume but varying in RBC concentration and eluent (plasma,
PBS and BSA solutions) were deposited on model smooth glass surfaces of different ex-

tent of wettability, varied by plasma treatment. The droplet drying profile and crack
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pattern were measured as a function of drying time under constant conditions (50%RH
and 23°C).

Figure 8.2 shows profilometry centre line scans of dried droplets of RBCs combined
with human plasma at 4 different concentrations 0%, 15%, 30% and 45% by volume.
45% is the approximate concentration of cells in human whole blood [5]. These figures
show high reproducibility and a distinct relationship with concentration; however, a
ring-like profile or coffee ring is always observed. A more defined ring profile is ob-
served at high RBC concentrations. Figure 8.3 shows profilometry measurements of
RBC-PBS suspensions where very different profiles are observed. Despite having the
same ionic strength as plasma, dried profiles of RBC-PBS solutions demonstrated less
defined ring profiles and less large cracks. Also, the lower cell concentrations of PBS
solutions displayed almost uniform final height profiles. RBC suspensions in BSA so-
lutions of similar concentration to plasma (83g/L [17]) were also tested (Figure 8.4).
Suspensions with BSA produced very similar profiles to those with plasma, although
results were more reproducible and slightly less large cracks were observed. All dried
droplet profiles were very reproducible and characteristic of the RBC concentration and

the type of eluent.
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Figure 8.2: Profilometry centerline scans of dried 6 nl. droplets of RBC-plasma suspen-
sions on untreated glass. Effect of RBC concentration (Vol%): a) 45%, b) 30%, ¢) 15%
and d) 0%.

In all tests, a higher initial concentration of RBCs resulted in a more defined ring
profile. This is opposite to predictions by previous researchers [18| and experiments
presented in Chapter 9, where a high initial concentration is observed to suppress ring
deposits in simple colloid suspensions. When RBCs are suspended in a protein solution
the relationship with initial concentration is less defined because protein solutions with
no cells produce ring structures. However, measurements of dried profiles of RBCs
suspended in PBS show a very clear relationship with initial concentration, where low

RBC concentrations form near uniform profiles (8.3c).
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Figure 8.4: Profilometry centerline scans of dried 6 pl. droplets of RBC-BSA suspensions
on untreated glass. Effect of RBC concentration (Vol%): a) 45%, b) 30%, ¢) 15% and
d) 0%.

Figure 8.5 shows a series of photographs taken at 4 minute intervals showing the drying
dynamics of droplets (6 pL) of whole blood, pure plasma and a polystyrene suspension
(15% by volume). Images are displayed until no visual difference was observed between
subsequent images. For all systems a ’compaction’ front [10] is identifiable within a short
time at the outer edge, which then propagates inward. For polystyrene and plasma,
this front continues until it reaches the centre. The solid front reaching the centre is
marked for polystyrene by a sudden colour change and for plasma, crack initiation.

Both events imply complete drying [19].
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Figure 8.5: Drying 6 pL droplets of (a) polystyrene, (b) whole blood and (c) plasma
on untreated glass. The pictures were taken at different intervals of drying (23°C, 50%
RH).
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The effect of contact angle was also investigated. Table 8.1 displays the contact angle of
the suspensions used on two different surfaces, untreated glass and plasma cleaned glass.
Both plasma and PBS suspensions display similar contact angles. However, results with

both eluents show a decreasing contact angle with decreasing RBC concentration.

Table 8.1: Contact angle of RBC suspensions in plasma and PBS over treated glass
surfaces. The statistics of at least 4 measurements from two different donors are pre-
sented.

Vol % Plasma | Std | PBS | Std | Plasma | Std PBS Std

Glass | Dev | Glass | Dev | PC Glass | Dev | PC Glass | Dev

45% 45.6 7.6 | 38.7 | 6.9 9.1 0.9 7.5 0.8

30% 33.8 6.8 | 35.7 | 5.0 8.4 1.0 6.4 0.7

15% 37.8 10.6 | 31.0 | 4.9 7.9 1.1 7.0 1.2
0% 38.2 9.9 - - 8.4 2.1 - -

Profilometry results showed that the effect of contact angle was minimal, with many
deposits being very similar in shape to their higher contact angle counterparts despite
being wider and thinner. A notable exception to this is a transition that occurs at low
contact angles and low RBC concentrations in PBS suspensions, where a central deposit
is observed. Profilometry recordings and images of deposits around this transition are

displayed in Figure 8.6.
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Figure 8.6: Profilometry and photographs of RBC-PBS droplets varying in concentra-
tion on treated glass, controlling contact angle.

8.4 Discussion

8.4.1 Effect of Proteins

Comparison of Figures 8.2, 8.3 and 8.4 highlights the large impact plasma has on the
dried profiles of droplets and the preponderant role of protein content. The ring profile
in the 0% RBC-plasma solution on glass demonstrates that plasma by itself can induce
ring formations. This is due to the presence of proteins in plasma [3]. Proteins transport
and deposit at the edge of the drop by a similar mechanism as particles [20-25|. Just
like for suspension of solid particles there is a critical volume fraction at which the fluid
solidifies as it dries. However, this mechnism is governed by gelling or crystallisation

rather than by the packing mechanism previously demonstrated with latex suspensions.

Previously, drying droplets of multicomponent fluid systems were demonstrated to pref-
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erentially transport the smaller elements to the edge of the drop [26]. This is because
the small thickness of the film near the edge prevents the motion of larger particles
by size exclusion. Also, the smaller components can flow between larger particles, and
therefore can be transported past the solid front. This is especially true for proteins,
as these macromolecules are dissolved in the liquid phase and transport freely to the
edge of the drying droplet. This preferential deposition of proteins at the edge not
only slows evaporation in this region but also hinders the development of interparticle
menisci that are responsible for capillary pressure in this region. This protein induced

shift in dynamics could be responsible for the observed dependence on protein content.

Initially, tests with RBCs in PBS have little to no proteins in solution, although as
drying proceeds, the solution becomes increasingly hypertonic. This causes the crena-
tion of RBCs and eventually partial haemolysis [27, 28|. This releases haemoglobin and
other proteins into the bulk solution that behave similarly to the proteins in plasma.
Through this mechanism, proteins are introduced in the later stages of drying. A
greater amount of protein is released from suspensions of high RBC concentrations;
this explains the similarities between the PBS and plasma suspensions at high RBC

concentrations.

8.4.2 Mechanism

For plasma and polystyrene suspensions in Figure 8.5 the front continues to propagate
until the centre is reached. This is followed by the complete drying of the whole droplet.
Before this occurs, there is a significant amount of fluid in the outer region. For blood,
this front slows down and effectively stops after a short time. Cracks are observed in
the outer region in the early stages of drying [10], which implies that significant drying

has occurred there, before the compaction front reaches the centre.

The motion of the front and the amount of fluid present in the different regions is
relevant because it indicates the internal flow that is occurring. In simple colloidal sys-
tems such as polystyrene suspensions, evaporation in the outer region causes the fluid
to recede into the close-packed particle network. The resulting interface deformation
around immobilised particles in the network causes a negative capillary pressure, which
produces an outward flow in the inner region [29]|. Outflow transports particles to the
front which are not able to penetrate, causing the further progression of the front and
the typical ring profiles observed in drying droplets. The outflow from the inner re-

gion balances evaporation until the maximum capillary pressure of the packed particle
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system is reached [19]. When this occurs, the outflow from the inner region decreases,
causing the slowdown of front progression. The decrease in outflow causes evaporation
to become dominant in the outer region, drying the remaining fluid. The constant
progression of the compaction front and the sudden drying after the front reached the
centre in polystyrene and plasma tests imply that the outer region remains saturated
with fluid and an outflow continues until the very late stages. For blood, the severe
slow down in front progression and cracking in the outer region imply that the outer

region dries very early and there is very little outflow after this point.

This difference in drying dynamics in blood droplets causes the observed shift in profile
behaviour. After drying in the outer region, further evaporation in the later stages
cause the height to decrease in the inner region. This causes the shape of the interface
to invert and form the concave shape seen in dried morphologies. As the inner region
is drying uniformly, the local concentration is similar, producing the observed instan-

taneous gelation once the critical volume fraction is reached.

This a very different process of ring formation from that observed in simple colloid
systems, which explains the contrary relationship with initial concentration. This mech-
anism also explains the abrupt change in both cracking patterns and height profile seen
between the inner and outer regions. The outer corona region has regularly spaced
radial cracks [5], typical of horizontal drying fronts [19]. The cracks in the inner region
are more irregular, leading to a similar pattern observed from the simultaneous vertical
evaporation [30]. These two regions were also observed by profilometry. The higher
concentration suspensions in Figures 8.2, 8.4 and 8.3 show a discontinuity at the point
where the front halted and a higher roughness in the central region. Although two
regions can be identified in the image of plasma cracks in Figure 8.1d, the timing of
their formation presented in Figure 8.5c identifies a different mechanism to blood as
the central random cracks propagate outwards, after the solid front reaches the centre
of the drop.

8.4.3 Cause of Front Slow Down

The slowing down and halting of the compaction front in drying blood droplets has
a large effect on drying dynamics and final appearance. However, due to the com-
plexity of blood, this could occur for several reasons. As red blood cells are highly
deformable and biconcave in shape, they will pack very efficiently, causing the packing

fraction in the consolidated region to be much higher than systems of hard spherical
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particles. This causes two primary differences when compared to simple particles; First,
the increased resistance to solvent flow caused by decreased interparticle space would
hinder outward flow and decrease the rate of accumulation at the front. Second, the
increased packing efficiency means that more bulk flow is required to produce the same
volume of consolidated cells. This effect would also slow progression of the front, espe-
cially if the dehydration of the cells in this region decreases their average size, further
increasing their packing efficiency. The halting of the front could also be influenced
by a layer of gelled proteins at the air interface. Proteins will be preferentially trans-

ported to the droplet’s edge, therefore disturbing the formation of interparticle menisci.

An alternative hypothesis leading to the slowing of the front is a gelation process oc-
curring in the fluid region. This could occur well before a change is observable visually
and would create a viscous, poroelastic matrix in the central region that would resist
flow into the consolidated region. This is unlikely as the fluid region is seen to retain
fluid-like properties until the very late stages of drying. This was demonstrated by the
unaltered evaporation occurring in the fluid region [10] and the observation that red
cells readily flow into paper strips dipped into the central region after the front has
halted.

8.4.4 Effect of Surface Wettability (Contact Angle)

The effect of a significant difference in wettablilty (contact angle) on the dried deposits
of blood drops was studied by Sobac et al. [10]. Droplets forming with a contact angles
of 92 degrees with a surface produced a very different dried profile from those with a
contact angle of 15. For the high contact angle cases, the process is dominated by skin
formation followed by buckling, in a similar process to that observed in suspensions
with low diffusivity [31]. For this study, the profiles were compared between smaller
variations in contact angle (Table 8.1). The minimal variation between varying contact
angles is contrary to experiments with polystyrene suspensions presented in Chapter 9.

This further identifies the different drying mechanism of RBC suspensions.

It is not clear what mechanism leads to the central deposit observed for low contact
angle droplets in Figure 8.6. However, central deposits are observed in other colloidal
droplet systems and correlated with Marrangoni flows caused by temperature gradients
over the drop’s surface [32]. The central deposit is reproducibly observable by eye, indi-
cating potential for such transitions to be utilised in the development of low-cost blood

diagnostics. Here, the critical contact angle under which a central deposit is observed,
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can indicate the volume fraction of red cells in a sample.

8.5 Conclusion

In this chapter, the dried profile of a series of RBC suspensions on smooth treated
glass slides were measured and their relationship with initial cell concentration, protein
content and contact angle is investigated. The drying dynamics are compared with
simple latex colloidal suspensions. The primary difference between drying dynamics in
droplets of RBC and that of simple colloidal suspensions is the halting of the compaction
front. This occurs in RBC suspensions shortly after drying has initiated. The possible
causes include increased friction due to better packing efficiency and disturbance of the
interparticle menisci at the air interface. The hypothesis of gelation in the central region
is rejected with wicking experiments. However, further experimental and theoretical
analysis is required to elucidate this mechanism. The halting of the front in RBC
suspensions causes a different mechanism of ring formation based on the drying and
inversion of the fluid region after this point. This is very different to the typical ring
formation mechanism in simpler suspensions where the compaction front continues until
the centre of the droplet is reached. Altering the contact angle formed by a droplet with
the surface (wettability) had negligible effects on the dried profile, except for RBC-PBS
suspensions at low initial concentration and contact angle, where a central platform was
observed. These observations highlight a series of processes occurring in drying droplets

of RBC suspensions and directions for further study.
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Chapter 9

Predictive Modelling of Coffee Rings

Preface

Pattern formation in drying droplets of blood and biological fluids have been shown
to be indicative of several medical conditions. Due to this, there is increasing interest
in the fundamental process of drying sessile droplets to assist the design of low-cost
diagnostic techniques. Previous research has focused on characterising the presence of
absence of characteristics and determining a relationship with a series of specific medical
conditions. This has led to binary diagnostic processes, where the result is simplified to
either a positive or negative. However, many conditions require the quantification of a
parameter. This necessitates a more robust technique than the simple identification of
parameters under standard conditions. Here, the fundamental mechanism for one such
test is presented. In Chapter 8, the contact angle and initial volume fraction were found
to affect the dried profiles of blood droplets significantly. In some cases, producing ex-
tremely different morphologies that are easily observable by eye. Therefore, noting the
contact angle over/under which certain features are present, can be indicative of the
initial volume fraction of cells in the blood sample. This would represent an very fast
and cheap method for diagnosing conditions such as anaemia as all that is required is

several standard surfaces and a drop of the patient’s blood.

A similar process is observed with simple particle suspensions, where the critical contact
angle over which a ring deposit is formed is determined by the initial volume fraction
of the suspension. However, the underlying mechanism behind this process is poorly
understood. Before the effect of contact angle on blood deposits can be understood,
the mechanism in simplified systems must be elucidated. This chapter outlines the

development of a numerical model predicting the onset of ring deposits at different
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contact angles and initial solid volume fractions. These predictions are compared with
experimental results using polystyrene particles similar in size to red blood cells. This

chapter was submitted to Physical Review Letters and is at the review stage.
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Predicting coffee ring formation upon
drying in droplets of particle

suspensions
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Submitted: Physcial Review Letters

Abstract

Pattern formation is a common occurrence in drying colloidal systems. The most com-
mon in droplets, is a ring distribution where the constituents have relocated to the edge,
which is referred to as a coffee ring. This deposit is unfavorable in many manufacturing
processes and is of fundamental interest. In this study we present a model capable of
predicting when a coffee ring will be observed in hard spherical particle systems. This is
found to be predicated upon the initial concentration and contact angle of the droplet.

Results are in agreement with experiments using latex suspensions.

9.1 Main

Pattern formation from evaporating droplets has captivated physicists and the wider
community for many years [1|. These patterns are caused by evaporation induced flows
that lead to the redistribution of constituents. This often results in rings of deposited
solid, referred to as coffee rings, although several other patterns are possible depending
on conditions |2, 3]. Deposits left by dried droplets are critical for many industrial appli-
cations, including functional printing, coatings, biodiagnostics and surface treatments.
In most of these, coffee ring-like deposits are considered defects as a uniform deposition
is desirable [4]. Due to this, previous research has primarily focused on strategies for
mitigating coffee rings [5, 6] and a dependence on initial volume fraction and Capillary
number has been identified numerically [7]. Here, we investigate and model the effect

of contact angle on the formation of ring patterns (Figure 9.1).

When a droplet is placed on a surface, it quickly reaches an apparent equilibrium
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Figure 9.1: For a specified initial volume fraction, there is a critical contact angle above
which a coffee ring does not form. Last set of images are optical profilometry scans of
dried 6 pL droplets of 45 vol% polystyrene bead suspensions. Upper profile was dried
on a glass surface with a contact angle of 10°, the lower 46°.
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position that can, for small droplets, be defined solely by contact angle and radius
[8]. After initial wetting to the equilibrium angle, evaporation driven effects dominate.
These phenomena occur over a much longer time scale than wetting and are usually
considered sequential events. The rate of evaporation and the variation of mass flux
on the drop’s surface is dependent on many factors including the vapor pressure of the
fluid, the geometry of the droplet’s surface as well as the velocity and partial pressure
of the surrounding atmosphere [9, 10]. In stagnant unsaturated air, evaporation is a
diffusion limited process, which can be shown to produce edge enhanced evaporation
in droplets. This is because of the reduced chance of a molecule re-colliding with the
liquid surface at the edge. When convection in the surrounding atmosphere is present,
evaporation is instead limited by the mass transfer from the drop surface, which leads
to a uniform evaporation flux. Although slight differences are produced in flow fields
between edge enhanced and uniform evaporation, there is little difference in the final
appearance of ring deposits. This has been demonstrated experimentally [11] and nu-

merically [12].

Regardless of the evaporation profile, the volume of the droplet decreases during evap-
oration. It is common for colloid droplets to pin and therefore drying proceeds with a
constant contact line and a varying contact angle. A pinned contact line is often re-
garded as essential for ring deposits for two reasons. First, as surface tension maintains
a spherical cap, an outward flow arises to compensate for evaporation occurring near
the droplet’s edge [1]. Second, particle concentration in thin films increases faster when
compared to thicker ones, meaning that the concentration rises faster at the droplet

edge. Due to this, a close packed region quickly forms near the edge. This region is

pm
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defined as where the local concentration has risen to the critical value for liquid-solid
transition in the suspension [9]. The volume fraction increases very sharply at the
beginning of this region, leading to clearly delineated close packed (consolidated) and
liquid regions. Although rigid, there is still evaporation in the consolidated region. This
evaporation is continuous as menisci form between particles at the air interface, produc-
ing sufficient suction to draw fluid through the inter particle space in the consolidated
region. Some authors have used scaling factors to represent a decrease in evaporation
in the consolidated region 7] due to the high concentration of particles. However, a
simple scaling analysis (supplementary section) shows that until the very late stage of
drying, the maximum capillary pressure produced by menisci between particles at the
air interface is orders of magnitude stronger than the viscous stress produced from the
slow flow through the short consolidated region. This implies that the film-air interface
remains wet and the evaporative flux is very similar to that in the liquid region. As
only solvent can fit in the inter-particle space, evaporation induced flow leads to an
accumulation of particles at the consolidation front causing this solid region to grow
inwards. This continues until there is no fluid region left. The final shape of the dried
drop is determined by a balance between the effects of surface tension and evaporative

flux into the consolidated region.

Initially, the drop is modelled as an axisymmetric spherical cap defined by a quadratic
profile. There is a small consolidated region at the very edge of the drop and a large
fluid region in the center. The consolidated region is considered to be rigid and in the
fluid region, lubrication theory is used to derive an expression for the height profile as
a function of time and radius (equation 9.9). The position of the front is calculated

explicitly at each time step.

Equation 9.9 is solved implicitly with a custom finite volume solver on a one-dimensional,
axisymmetric domain using a uniform mesh, Newton’s linearization method and Mat-
lab’s inbuilt direct linear solver. Four boundary conditions are required; symmetry and
no flux are used at the center and a height and flux are calculated explicitly for the
boundary at the consolidated front. The height is found from the height of the consol-
idated region at this point and the flux is calculated from the amount of evaporation
occurring in the consolidated region. The non-dimensional equation 9.9 is derived in a
similar way as several previous works [7, 12, 13]. However here, a different scaling is
used so contact angle can be conveniently incorporated as a parameter:The derivation

for this equation is given in the supplementary section. The key assumptions of this
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equation are a constant evaporation rate, viscosity and surface tension.
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Where h is the height of the droplet, r is the radial direction, H is the maximum initial

height of the droplet, v is surface tension, p is viscosity, E is the evaporation rate and

R is an arbitrary length scale defined by setting the value of the non-dimensional term
H*y
3uE R4
maximum droplet radius to be used as an input parameter without varying the govern-

in equation 9.9 ( ) equal to unity. Setting the length R in this manner allows the
ing equation. With droplet height scaled by initial height (H) and an initial spherical
cap geometry, this maximum radius is all that is required to define the system geom-
etry, and therefore, contact angle. This is also independent of droplet volume. Each
calculation can be completed at specified values of non-dimensionalized droplet radius
. _ _1
(Rymaz) which can be related to the contact angle by R4 = [ﬁ — taiw] 1[3“%] 1. The
derivation is provided in supplementary section. The new implementation and scaling

introduced here to elucidate the dimensionless number R,,,., provides the means to
quantify the transition between viscosity and surface tension dominated behavior in
drying systems. Where a high value corresponds to the dominance of viscosity and vice

versa for surface tension.

To obtain an expression for solute concentration previous models |7, 12| have assumed
infinite vertical diffusion and zero horizontal diffusion due to the varying length scales
H << R. This gives the volume fraction (¢) as a function of radius and time (equation
9.2).
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Where V, is the dimensionless vertically averaged radial velocity given by: V, =
h? {% (%%(r%)ﬂ Solutions to equations 9.9 and 9.2 give a flat profile for volume
fraction with a steep increase at the front position. This is because %‘f becomes large
with increasing V, and diverges at small heights. At the consolidated front, V, is at a
maximum and height a minimum. At the beginning of drying, the height at the front
is very low which leads to a large spike in volume fraction near the consolidated front;
however, for all other positions the volume fraction is spatially uniform. Due to this,
and for simplicity, we assume a uniform concentration in the fluid region. To include
the effects of evaporation, a new value for volume fraction is calculated explicitly at

each time step with a simple mass balance using the total evaporation rate, volume,
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concentration of the fluid region and the flow into the consolidated region.

Only the solvent can penetrate into the consolidated region and evaporate. There-
fore, although the solute flux at the consolidated front is determined by evaporation
in the consolidated region, the corresponding bulk velocity will be greater due to the
presence of particles. This increase is dependent on the concentration in the fluid region
which, in turn, determines how fast the consolidated region grows. Evaporation in the
consolidated region produces flow of solvent in the fluid region; this flow transports
particles towards the consolidated front where they are deposited. From this, the bulk
fluid vertically averaged velocity (VT) at the front and the front velocity can be calcu-
lated by solving a mass balance of solute and particles explicitly at each time step. V,
is used as the boundary condition in the fluid equation for that time step and is used

to calculate the new front position.

The key outcome of this simulation is determining how the relative strength of sur-
face tension compared to viscosity affects ring pattern formation. In a physical droplet
system, the relative strength of these factors is controlled by the contact angle as this
determines the film thickness. As a thin film has a greater viscous resistance to flow, a
low contact angle results in a large contribution of viscous effects. A high evaporation
rate also contributes to a large viscous resistance. In simulations, time is scaled by the
evaporation time, meaning that this effect is indistinguishable from viscosity. Due to
the choice of scaling constants, R,,,, represents the combined effect of all the parame-
ters relevant to the balance of the relative dominance of surface tension and viscosity.
The calculation of contact angle from R,,., used in the analysis of results is achieved
using the parameter values of water at the experimental conditions of 23°C and 50%
relative humidity. Surface tension and viscosity of water are taken from literature to be
72.3 mN/m [14] and 0.9 mPa-s [15|. The evaporation rate was measured by monitoring
the weight change as a function of time from a 3 cm diameter petri dish filled with water
at experimental conditions. The calculated value normalised by surface area was 0.4
cm/day. Although assuming the surface tension, viscosity and evaporation of water and
no variation in these properties between different polystyrene concentrations introduces
some errors, the fourth power of R and H in equation 9.9 and equivalently, the fourth
root in the expression for R, renders this error small. The additional parameters
that must be included are, initial volume fraction and gelation point ¢,,... Gelation
point is set at 0.64 for simulations presented here to correspond with the random close

packing of spherical particles.
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Figure 9.2: Master curves predicting the formation of coffee rings as a function of initial
suspension concentration and contact angle from: (a) simulation and (b) experimental
results for 6 plL droplets of polystyrene bead suspension. The onset of coffee ring
formation at a unique contact angle is shown for each initial volume fraction.

Results from the simulation can be used to determine a unique critical volume fraction
below which ring deposits are formed for all values of contact angle. Figure 9.2 provides
simulation and experimental results gathered with a suspension of 6-8 pm polystyrene
beads. The presence of a positive curvature in the final height profile was used to iden-
tify a coffee ring shape and therefore provide a binary condition with which to compare
experimental and simulation results. Here we show that the presence or absence of
a coffee ring, can be solely predicted by the initial volume fraction of particles in a
suspension and the contact angle formed by the suspension on the surface of interest.
Figure 9.2 shows the broad agreement of our model with experimental results. The
main finding is that there is a unique threshold volume fraction at each contact angle
below which a coffee ring is observed. This value is high for low contact angles and vice
versa. The position of this transition is not exactly replicated by the experimental re-
sults. However, this is likely due to ignoring particle specific properties such as surface

activity that have been shown to influence patterns [6, 16].

Results from this simulation of the final height profile for a range of values of initial
volume fraction and R,,,, are displayed in Figure 9.3. There is an oscillation present at
low initial volume fractions and high values for R,,.., as seen in Figure 9.3a. The results
do not significantly change when the mesh and numerical scheme is altered, indicating
the oscillation is caused by a physical mechanism that is damped out in most systems.

The high values of R,,,, required to produce these oscillations correlate to systems with
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either low contact angles (6 < 2) or extremely low values of the dimensionless number
3;%}2‘ Both of these conditions relate to viscosity driven phenomenon. Whilst it would
be of interest to reproduce these oscillations experimentally, the conditions required
are very difficult to achieve because circular droplets with very low contact angles are
difficult to obtain reproducibly. The high values of R,,,, could also be replicated by
using a fluid of low surface tension, high evaporation rate and high viscosity. However,

we have not been able to find such a system.

Figure 9.3 shows a central minimum occurring in the film profile for all numerical
cases. However, some experimental results display a more uniform deposition (Figure
9.1). As the drying front approaches the center of the droplet the flux from the fluid
region is so large that the central dimple is formed. Such structures are regularly seen
experimentally [17, 18], but the constant viscosity assumption accentuates the central
minimum. Therefore, the morphology of this central region does not affect the occur-
rence or absence of a coffee ring. The 3D revolution of a simulated dried height profile

is compared to that of a polystyrene bead solution in Figure 9.3.

The effect of viscosity can be included using the Krieger-Dougherty relation [19] as
previously achieved in other drying studies [20|. However, viscosity changes during
drying do not have a significant effect in pattern and coffee ring formation. The pa-
rameterization of viscosity was not included in our model as the purpose is to identify
the underlying mechanism that spans all drying colloid systems. Although a shift in
viscosity will alter the exact conditions where a coffee ring occurs, the general trends

in behavior are more easily observed with as simple model as possible.

We assume Newtonian fluid behavior in the liquid region and mechanical rigidity in
the consolidated region. There is a small transition region between the two where
neither assumption is valid; however, as volume fraction increases very sharply at the
consolidated front, this region remains small. The region only becomes large and the
effect of particle interaction significant in the later stages of drying when the concen-
tration in the fluid region is close to the gelation point. This process causes significant
resistance to solvent flow in the later stages of drying which is not captured by our
simulations. The relationship between concentration, flux into the consolidated region
and front velocity is complex and has only received brief attention from previous re-
searchers [21]. Further work is clearly needed to identify the relationship. However,
physically reasonable final height profiles were found by including a scaling factor in

the expressions for evaporation from the consolidated region. The value of the scaling
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Figure 9.3: Dried height profiles at different contact angles and initial volume fractions.
a) Rpar = 0.745, 0 = 1.0°, b) Ry = 0.029, 0 = 25.0°. ¢) Revolved results for a
simulated drop (¢g = 0.15, Ryee = 0.042, 0 = 17.8°): d) Profilometry results from for
a solution of polystyrene beads (¢pg = 0.15, 0 = 17.8°).
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factor was determined by a simple power law relationship with the bulk concentration,
causing flow into the consolidated region to approach zero as the bulk concentration
increases. This scaling factor was not included in the results as it is heavily dependent
on particle properties and occludes the main purpose of this study. However, the anal-
ysis identifies this scaling factor as an important parameter to investigate before the

behavior in the center of the drop can be realistically captured by simulations.

Figure 9.2 was produced by determining a criterion for a coffee ring which was defined
as whether a positive curvature was present. This was implemented for simulation
results by calculating the second derivative at all points with a radius greater than
0.05- R4z, SO as to ignore the effect of the small central discontinuity caused by stop-
ping the simulation before the size of the fluid region reaches zero (Figure 9.3a). If the
second derivative at any point is positive, the profile is identified as a coffee ring; if
not, there is no coffee ring. The criteria to distinguish a coffee ring in experiments was
whether or not there was a positive curvature anywhere on the surface of the deposit.
Experiments using polystyrene latex particles near the transition values of initial vol-
ume fraction and contact angle showed a positive curvature only at very small values
of r. In simulations, small values of r are hidden due to the overestimation of flux at
late stages. This therefore prevents a coffee ring from being observable until a positive
curvature was present outside the influence of the central minimum. This causes the

threshold volume fraction values to be lower than seen in experiments.

In this study we numerically investigate a cause of ring-like patterns and its depen-
dence on contact angle in drying droplets of colloidal suspensions. We identify the
contact angle formed by the suspension on the surface and its solids content as the
two governing variables. We show that for each contact angle, there is a critical initial
colloid volume fraction over which no ring-like pattern will be formed. This is due to
contact angle affecting the relative dominance of viscous effects over surface tension.
We calculated from first principles a master-curve predicting coffee ring formation from

contact angle that we corroborate experimentally for simple particles.

9.2 Methods

Drying experiments were achieved by placing a 6 nL. droplet of solution onto the sub-
strate with an Eppendorf pipette. The droplet was left to dry in a humidity and

temperature controlled room held at 23°C and 50% relative humidity. Care was taken
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to undertake experiments in still air however slight directionality was seen in many
tests due to a sensitivity to air circulation currents. Droplets were dried on plain mi-
croscope slides and the contact angle was controlled by changing the brand of glass slide
and varying levels of plasma cleaning. The two brands used were Sail and Westlab, of
which Sail generally had a higher contact angle. Levels of cleaning were achieved by
first using a PDC-002-HP Harrik Plasma plasma cleaner for 30 seconds on medium
setting and then leaving slides in a covered container at lab conditions for between 0-24
hours. This process was not easily predictable and therefore each tested droplet was
measured with a DataPhysics OCA35 contact angle instrument. Measurements were
taken using an Olympus LEXT OLS5000 laser confocal microscope. 6-8 pm nominal
diameter polystyrene beads were purchased from PROSCITECH and were concentrated
by centrifuging at 2500 rcf for 3.5 minutes and removing supernatant. Deuterium oxide
(D20) from Sigma-Aldrich was combined with solutions to density match the particles
and the fluid. This was performed by incrementally increasing the concentration of D50
until no sedimentation was observed after centrifuging at 2500 rcf for 2 minutes. The
critical solution concentration was approximately 50% water and 50% D,0. This value

varied slightly between tests due to hydrogenated water uptake in D50.
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9.4 Supplementary

Derivation of governing equation

Applying the lubrication approximation to the Navier-Stokes equations in cylindrical
polar coordinates and disregarding gravity terms leads to 3 governing equations. Hor-
izontal distances are scaled by the characteristic radius R and vertical distances are
scaled by the initial height of the droplet H. Horizontal velocities are scaled by RE /H
and vertical velocities are scaled by E. Time is scaled by H / E, and pressure is scaled
by ,uERQ /H?3. With these substitutions the governing equations can be represented in

dimensionless form

10 ou

T 8r<7ﬂu> + 0z (9-3)
_ Op  Pu
_op
0=7". (9.5)

Where u and w are the radial and vertical velocities respectively. At the top surface the
pressure can be represented within the lubrication approximation by the dimensionless

expression

_Hh 10 on
pERYT Or' Or

). (9.6)

p:

As equation 9.5 demonstrates that pressure does not vary in the z direction, this equa-

tion gives the pressure over the whole drop as solely a function of r.

Integrating equation 9.4, imposing zero shear at the free surface and no-slip at the
substrate gives an equation for the radial velocity as a function of %. Differentiating

equation 9.6 and then subbing in gives
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A further mass balance gives the dimensionless height evolution equation
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ot ror (rhV:) (98)
Integrating equation 9.7 from 0 to h and dividing by h gives the height averaged radial
velocity V,. This term is substituted into equation 9.8 to derive the final governing

equation
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Capillary pressure against viscous losses in the consolidated re-

gion

A conservative simplified model of the droplet system is used to show that capillary
pressure dominates viscous losses in the consolidated region. This is a worst case
scenario where all evaporation is occurring at the droplet’s edge and the droplet has
a constant height. Using these assumptions, the pressure drop over the consolidated

region can be calculated with Darcy’s law to be

_ 9 lag(&)
orhk 7R,

AP (9.10)

Where R; and R, are the radial locations of the consolidated front and the edge of the
droplet respectively, and @) is calculated from the total evaporation occurring over the

consolidated front;
Q = En(R3 — RY) (9.11)

The permeability (k) can be calculated using the Carmen-Kozeny equation [1];

L 21— )

i (9.12)

Where a is the radius of the particles. The maximum capillary pressure at the air-liquid
interface is given by
P cap — @ (913)
a
Where v is the surface tension and C' is a geometric constant assumed unity in this
circumstance. By dividing these two pressures a dimensionless number relating the

relative strengths of each effect can be calculated.

AP T5Eud*(R:—R?) ., R,
— log(== 14
Py 4Cyha(l— o2 Y (%) (9.14)

By inserting known values and conservative estimates; £ = 0.400 cm/day = 4.62x1078
m/s, p = 9.3x107* Pa-s, ¢ = 0.64, Ry = 10 mm, R; = 1 mm, h = 1 mm, a = 6 pm and ~y
= 72.31 mN/m the value of ﬁc—i is found to be 1x1073. With the conservative estimates

used here, this calculation shows capillary pressure will always dominate viscous forces
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due to solvent flow in the consolidated region and therefore the air interface in the

consolidated region will remain wet during droplet drying.

Derivation for determining R,,,. as a function of contact angle

Assuming spherical cap geometry an expression for maximum height as a function of

the droplet radius and contact angle can be found.

H=r Lml(e) N tcml(ﬁ)l (9.15)

The non-dimentionalized expression of this equation is,

H 1 1
R ftmas Lin(@) - tan(@)] (9.16)

. 1 : . . . .
using 35]217%4 = 1 gives the calculated expression for the dimensionless R,,,, as a function

of contact angle.

Er=0=0

dh
dr

Figure 9.4: Schematic of model showing important variables and boundary conditions.
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Chapter 10
Conclusion and Perspective

In this thesis, the fundamental mechanisms leading to interfacial flows in low-cost blood
diagnostic are investigated. Two specific systems are studied, radial wicking of droplets
in paper and the evaporation induced flows in sessile droplets on impermeable surfaces.
Each was quantified by numerical modelling and the dominant effects of biological

components identified.

10.1 Radial wicking in paper

A radially wicking droplet of blood combined with antibodies was used to develop a
rapid paper-based diagnostic technique. Based on the stain size, less than 10 seconds
after deposition, the presence or absence of agglutination can be identified. Full blood
typing of a sample can be determined by performing a series of wicking tests using all
the antibodies of interest. This technique is the fastest of its kind and can be used
to engineer new rapid, scalable diagnostic equipment capable of meeting the demands
of modern blood testing facilities. This technique also demonstrated potential in the
rapid identification of reverse blood groups and SARS-CoV-2 (COVID-19) antibodies.
This methodology was expanded to improve sensitivity for reverse testing by premixing
and incubating reactants before deposition. This showed a higher sensitivity with low

velocity flows which was contrary to results from forward typing.

The radial wicking of a droplet of biological fluid is analysed systematically (Chap-
ters 5, 6 and 7). The stage transition and the corresponding decrease in stain growth
rate that occurs upon droplet absorption is analysed and a numerical model of the
process was developed. Modelling shows that Newtonian viscous properties can be as-

sumed. However, protein and other biomolecules adsorbing onto both the solid-liquid
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and liquid-vapour interfaces causes an increase in contact angle and severity of contact
angle hysteresis, both of which effect wicking behaviour significantly. The presence of
hysteresis was identified as the cause of stain growth transition and its increase was the
primary difference between the radial wicking behaviour of biological fluids and simple
Newtonian fluids. The increase in contact angle and contact angle hysteresis was also

identified to cause the significantly smaller final stain sizes observed in biological fluids.

10.2 Drying droplets

Pattern formation in drying blood droplets has been shown to be representative of sev-
eral important medical conditions. The fundamental mechanisms that determine the
final profile are analysed and compared with simple colloid suspensions (Chapter 8).
For blood, there is a distinct halting of the drying front that produces different deposits
when compared to simple particle suspensions. The cause of the slow down in front
progression is a combination of increased viscous resistance due to particle deformation
in the outer region and decreased capillary pressure due to meniscus interference from

gelled proteins.

The drying of a simple colloid suspension is analysed as a model for blood (Chap-
ter 9). A numerical model based on lubrication theory was developed to predict the
relationship between ring formation, initial volume fraction and contact angle. The
model probes the relationship between the effects of surface tension and viscosity. This
relationship is a primary factor in determining the final dried profile. A dimensionless
number is proposed based on this analysis, and the onset of ring profiles in polystyrene

particle suspensions are seen to match the trends predicted by modelling.

10.3 Perspective

Current diagnostics incorporating passive interfacial flows are heavily reliant on trial
and error for design and optimisation. This is because not enough is known about the
fundamental mechanisms and the effect that biological components such as cells and
proteins have on the process. Paper-based systems are emerging as promising plat-
forms for the design of diagnostic devices as they are low-cost, light weight and easily
produced. Many of these devices utilise droplet deposition to initiate, highlighting the
importance of this style of finite reservoir wicking system. Also, this thesis introduces

stain size/appearance as an informative property for medical diagnostics. The radial
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wicking of a droplet on paper is extensively quantified and analysed. The reproducibility
and versatility of this process demonstrate that visual stain-based diagnostic techniques
can be used to create diagnostic devices with the sensitivity and accuracy required by
the medical industry. Also, the modelling techniques developed allow design to go well
beyond trial and error, to a more informed and optimisable approach based on funda-

mental understanding and computational simulations.

Similarly, the identification of the dominant mechanisms relating to pattern forma-
tion in blood and colloid droplet systems will assist in the development of further
diagnostic techniques. The proposed tests in literature have not been widely utilised.
This is because there is not sufficient understanding of the fundamental processes to
properly optimise or design diagnostic techniques/devices. This is required before the
accuracy and reliability that is required for diagnostics can be fully achieved. Here,
a numerical model capable of predicting the presence or absence of patterns in final
deposits was developed and the dominant effects of protein and cellular components in
blood identified. Before the wide application to blood diagnostics, the developed model
must be altered to include complicated and non-linear effects such as the halting of the

compaction front and the dehydration of red cells.

It is the intention of this thesis to further the development of low-cost diagnostic
devices by systematically characterising and modelling the relevant fundamental pro-
cesses. This can now be utilised to engineer a new generation of cheap, yet sensitive
diagnostic devices, increasing the accessibility of health care and ultimately saving time,

cost and lives.
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such as paper is expected to be dependent on the fluid properties and therefore could serve as a diagnos-
tic tool. (2) The change in wicked stain size between biological fluids is dependent on a change in solid-
liquid surface interfacial energy due to protein adsorption.
Experiments: Sessile droplets of increasing volume of blood, its components, and model fluids were
deposited onto paper and the equilibrium stain size after coming to a halt was recorded. The contact
angle of fluid droplets on model cellulose surfaces was measured to quantify the effect that blood protein
adsorption at the solid-liquid interface has on radially wicked equilibrium size. Finally the significance of
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1. Introduction

The wicking of fluids through porous media is of fundamental
importance in many processes and applications such as printing,
textiles, agriculture and more recently the medical field for its
applications in paper based blood diagnostic tools [1,2].

Blood is a suspension of cells that are weakly electrostatically
stabilised in plasma, the liquid component of blood. Plasma con-
sists mostly of water (90 wt%), proteins (approximately 6 wt%)
and a small amount of lipids, carbohydrates and electrolytes [3].
There are different types of proteins in blood of which the most
abundant are albumin (38.7 g/L) [4], globulin (25 g/L) and fibrino-
gen (3 g/L) [3]. The composition and protein concentrations in
blood vary greatly as a function of health as well as natural varia-
tion among populations [5,3,6]. Many blood proteins are surface
active and readily adsorb onto surfaces [7]. There are three main
types of cells in blood: erythrocytes (red cells), lymphocytes (white
cells) and platelets. The majority of cells in blood are red blood
cells. Healthy red blood cells are biconcave disks approximately 8
pm in diameter and 3 pum in thickness [8]. The shape, abundance
and mechanical properties (deformation) of these cells are respon-
sible for the unique viscoelastic and shear thinning behavior of
blood [9]. By centrifugation the majority of cells can be removed
from blood allowing the analysis of solely the plasma component.
Although plasma exhibits weak viscoelastic properties [10], most
analyses assume Newtonian behavior to no significant loss in accu-
racy. By testing plasma instead of whole blood the effect of protein
adsorption can be isolated from the non-Newtonian properties of
blood cells as a suspension (shear thinning, viscoelasticity and
granularity).

The radial wicking of a drop has been studied previously [11-
15]. However all previous studies have considered highly idealised
systems ignoring evaporation and the complex properties of mul-
ticomponent systems. This study aims to identify the parameters
and phenomena controlling the final stain area achieved by a single
droplet of blood radially wicking onto paper. This is of direct inter-
est in the development of blood diagnostics for several reasons.
The surprising reproducibility and sensitivity of results suggest
that drop stain analysis can serve as a convenient and inexpensive
method to identify fluid properties. Whether these property
changes are caused by protein content, specific antibody-antigen
reaction or hematocrit levels will determine the nature of the sen-
sor. The effect of protein concentration is examined here; however,
this type of analysis is applicable to many sensing applications.
Further a robust fundamental knowledge of the blood stain/vol-
ume relationship on paper/porous media will allow more sensitive,
faster and more accurate diagnostic methods to be developed and
guide the optimisation of existing devices. This study is also rele-
vant to any system involving the contact or deposition of a wetting
liquid over a porous material.

2. Experimental section
2.1. Materials

Tests were performed on Kimberly Clark Scott hand towel
(4419) and Whatman 41 filter paper. Wet, dry and oven dried
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(0.D) weights of 100 cm? sections of paper are given in Table 1.
The wet and dry thicknesses were also measured. Analytical grade
glycerol, and ethanol were purchased from Merck, and Thermo
Fisher Scientific, respectively. BSA (bovine serum albumin) solu-
tions were diluted from 30% (wt/v) solutions from BioCSL, PBS
(phosphate buffered saline) was made to 0.9 wt% with tablets from
Sigma. Human blood with EDTA anti-coagulant was provided by
the Australian Red Cross following established best ethics practice.
Deionized water for tests and dilutions was purified from tap water
with a Direct-Q water purification system to a minimum resistivity
of 18.2 MQ cm.

2.2. Methods

2.2.1. Paper characterisation

Paper oven dry (0.D) weight was measured using TAPPI stan-
dard 412 by placing samples in a 105 °C oven until weight sta-
bilised. The weight at this point was recorded. The given values
are the mean of 3 recordings for each type of paper. Dry Weight
was measured using TAPPI standard 402, where the weight of
the samples after equilibration in 23 °C 50% relative humidity
(RH) conditions for at least 24 h was measured. The values
reported are the mean of 6 recordings for each type of paper.
Wet weight was determined using a variation of testing standard
TAPPI 441. This involved submersing the paper in water for 2 h,
then pressing each between two pieces of blotting paper with 2
passes of a 10 kg roller to remove excess water. The paper was then
weighed. This process was repeated until weight stabilised. The
values for wet weight presented in Table 1 are the mean of 3
recordings for each type of paper. Wet and dry thicknesses were
measured using a L & W micrometer. Thickness values are the
mean of 10 measurements.

2.2.2. Equilibrium stain size

Reproducible droplets of volume ranging from 2 to 40 pL were
created with an adjustable needle and a syringe pump (Fig. 1a). The
syringe pump was used to provide a constant flow rate to the nee-
dle which created repeatable small drops. Drop size could be con-
trolled by needle geometry. These droplets were directed onto a
paper surface that was suspended in 23°C 50% relative humidity
(RH) air. Setup took sufficient time to assume fluids were at room
temperature during tests. The paper was then imaged using an
Epson perfection V370 office scanner and analysed to give the area
of each stain. Droplets were recorded in groups of at least 7 onto
one piece of paper that was moved between each drop. The volume
of the created droplets was measured 4 times before and after
being directed onto paper to ensure the drops’ volume remained
a constant. Prior to tests with biological fluids, needles were
soaked for at least 2 h in the fluid to be tested. This was to ensure
protein adsorption onto the needle’s surface was at equilibrium
which improved the uniformity of drops. The difference in area
between stains and the variation in measured drop volume is given
as error bars in Fig. 2a and b. All property values were found in lit-
erature [16-20], except the viscosity and surface tension of blood
plasma and BSA solutions, these were measured with an Ostwald
viscometer and a pendant drop surface tensiometer [21]. The

Table 1
Paper properties.
Paper 0.D weight Std Dev Dry weight Std Dev Wet weight Std Dev Dry thickness Std Dev Wet thickness Std Dev
(g) (g) (8) (8) (g) (8) (um) (pum) (um) (um)
Hand towel 0.2558 0.0030 0.2671 0.0031 0.5537 0.0180 98 2 76 2
Filter paper 0.8537 0.0065 0.8794 0.0174 1.8086 0.0208 226 5 218 5
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(a)

Fig. 1. (a) Diagram of the experimental system depositing sessile droplets of controlled volume on paper. (b) Stains produced from 8 puL droplets of different fluids on paper at
identical ambient conditions. From left to right: 25% glycerol, 20% Ethanol, plasma and whole blood. Colourless fluids have blue dye (3 wt%) added to aid visualisation. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Effect of initial droplet volume on equilibrium stain area on paper hand towel for blood components and model fluids. The average, minimum and maximum area/
volume of at least 7 droplets are shown. All measurements were performed at 23 °C 50% RH. (a) all fluids on paper hand towel and (b) a selection of fluids on filter paper.

density of BSA solutions, plasma and PBS were measured using a
Mettler Toledo TLE balance and Eppendorf Pipette.

Surface tension results were complicated by the dynamic sur-
face tension of plasma and BSA [22]. This surface tension variation
with time has not been well studied and it is unclear how the sur-
face tension of blood and blood components will change during
wicking. For the purpose of this study, highly accurate surface ten-
sion data was not required, therefore the average recorded surface
tension over a relevant time scale (10-15 s) is reported.

2.2.3. Contact angle measurements

Cellulose thin films were prepared by regenerating spin coated
cellulose acetate as previously described [23,24]. A 0.5 wt% solu-
tion of cellulose acetate was spin coated onto a plasma cleaned
glass slides at 2000 RPM for 20 s. These slides were then regener-
ated from cellulose acetate to cellulose by soaking in a 0.5% sodium
methoxide solution for 10 h. The advancing contact angle was

determined using a dataphysics OCA35 contact angle instrument
by taking measurements at several points as liquid was pumped
into the drop at a rate of 20 pL/s. For each batch of cellulose films,
this test was repeated at least three times for each fluid, and three
batches of cellulose films were tested. Roughness measurements
using a JPK Nanowizard 3 atomic force microscope were completed
on 4 of the cellulose surfaces; the roughness value reported is the
mean of these 4 values.

2.2.4. Drying time measurement

Tests were completed by suspending a paper towel sample in
a digital scale and recording the weight as a function of time.
This allowed the rate of evaporation to be measured. The drop
size used was 8 pL and the tests were performed at 23 °C 50%
relative humidity (RH). The fluids tested were PBS (phosphate
buffered saline), 10% BSA (bovine serum albumin), water and
plasma.
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3. Results

Droplets varying in volume were deposited on paper and the
area of the stain at equilibrium was measured for a series of fluids.
Blood, blood components and model fluids varying in viscosity and
surface tension were tested under standard humidity and temper-
ature conditions. The size, shape, perimeter fractal and colour
intensity distribution of the stains on paper vary among the differ-
ent fluids of the same volume (Fig. 1b). However, size is the most
important variable of these stains. The average, maximum and
minimum values for stain size and drop volume for a minimum
of 7 replicates are shown in Fig. 2a and b. Linear trend lines are fit-
ted for reference.

3.1. Equilibrium stain size

Fig. 2a shows the equilibrium stain size for all tested fluids
deposited on paper hand towel, where Fig. 2b shows a selection
of these fluids on filter paper. The stain area of a droplet on paper
is surprisingly reproducible and scales linearly with volume. All
fluids tested show a similar linear trend however with a shift in
slope or gradient. At constant drop volume, whole blood creates
the smallest stain, followed by plasma. The stain area at equilib-
rium can be expressed as:

A=GV+C 1)

where A is the equilibrium area (mm?), V is the drop volume (pL), G
is the gradient of stain area to drop volume (1) and C is a constant

Table 2
Fluid properties at 23 °C effecting wicking behavior [16-20].

(mm?). The calculated value of C range between 74 and 20 mm?.
This value is slightly larger than the average error in area measure-
ments and is always positive.

The gradient G varies significantly between the different fluids
and papers. The gradient values for the model fluids on hand towel
as well as the fluid properties are presented in Table 2. The gradi-
ent value does not correlate with the fluid surface tension or vis-
cosity significantly.

3.2. Effect of protein concentration

Fig. 3a shows the gradient values for solutions of different con-
centrations of BSA on the paper hand towel. These results were col-
lected in the same way as results in Fig. 2a and b. The gradient of
the lines is plotted against BSA concentration. The gradient
decreases in a roughly inverse square root fashion with BSA con-
centration. A faster changing gradient is seen at lower BSA concen-
trations. This might indicate some adsorption surface saturation
mechanism.

3.3. Contact angle measurements

As different and lower gradients are only seen with biofluids on
paper, wetting experiments were performed on smooth cellulose
films to understand the effect of wetting. Fig. 4 shows the advanc-
ing contact angle of a series of selected fluids on model cellulose
surfaces. Histograms are presented to visually highlight a statisti-
cally significant shift in the mean contact angle despite a high
amount of variability in results. This variability has a physical

Solution  Concentration (wt%)  Density (kg/m>x10%)  Surface tension (mN/m)  Viscosity (mPas)  Surface tension/Viscosity (m/s)  Gradient (1/m x 10°)
Water 100% 1.00 [16] 7231 (28] 0.93 [16] 77.75 32.6
Glycerol 10% 1.02 [18] 71.97 [19] 1.21[18] 59.48 30.5
Glycerol 25% 1.06 [18] 70.95 [19] 1.92[18] 36.95 29.8
Glycerol 40% 1.10 [18] 69.61 [19] 3.40[18] 20.47 26.7
Ethanol 10% 0.96 [17] 39.29(17] 1.96(17] 20.0 28.8
Ethanol 20% 0.93 [17] 32.27[17] 2.52[17] 12.8 279
Plasma 100% 1.01 45 1.74 259 194
BSA 10% 1.01 40 0.93 43.0 18.7
PBS 1.00 722 [20] 1.00 [20] 722 31.8
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Fig. 3. (a) The droplet area/volume gradient plotted as a function of protein concentration for a series of BSA solutions. A trend line has been drawn to guide the eye. (b) Effect
of surface tension to viscosity ratio on the stain area to drop volume gradient. A linear trend line is fitted for non-biological fluids. Biological fluids do not follow this trend.
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Fig. 4. Histogram of advancing contact angle measurements for water, PBS and biological fluids on cellulose films.
meaning as it quantifies both the chemical and physical hetero- ]
geneity of the cellulose films. There is a similar increase in the e
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testing in a conditioned laboratory at 23 °C and 50% relative o
humidity (RH). The effect of droplet evaporation was analysed by ':3 o8
measuring the relative weight of a drop deposited onto paper dur- @ 03
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4. Discussion
4.1. Equilibrium stain size

Fig. 2a and b show a clear distinction between the wicking
behavior of biological and non-biological fluids on paper. Despite
large variations in both surface tension and viscosity between
water, ethanol and glycerol solutions, there is no significant change
in gradient. This is surprising as previous research on non-
equilibrium radial spreading has shown a strong dependency on
the ratio ;—1 [12,14], although this is not directly comparable to equi-

librium results. Fig. 3b shows the effect of the # ratio on the gradi-
ent of the equilibrium stain area to drop volume curve with all

Time (s)

Fig. 5. Weight of 8 pL drops of tested fluids on paper in 23 °C 50% relative humidity
air. Y axis is normalised by initial drop weight. All show limited drying at a time
where the stain growth was observed to stop, approximately 11 s. These results are
shown in Fig. 5

fluid properties presented in Table 2. There is a slight dependence
of the gradient on the ]—, ratio for non-biological fluids and a linear
function was arbitrarily fitted. Plasma and 10% BSA solution do not
follow the trend of model fluids. Table 2 also shows that the gradi-
ent parameter does not directly scale with either viscosity or sur-
face tension. Although there may be a slight dependence of the
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stain area/drop volume gradient with the ﬁ ratio, there is another

property that presents itself in blood plasma that is far more dom-
inant. This extreme variation in stain sizes between plasma and
model fluids was not reported by Li et al. in their experiments with
porcine plasma on cotton 'T-shirt’ fabric[25]. The gradient for blood
is significantly smaller than all tested fluids. The stain area of blood
is on average 55% that of plasma using droplets of identical vol-
umes. This finding corroborates the study of Li et al. with porcine
blood/plasma who further reported the blood to plasma stain ratio
to be equal to one minus the average hematocrit value of blood
[25]. The authors relied on this observation to justify the assump-
tion that it is only the volume of the plasma component that deter-
mines stain size. Although the value of this repeatable stain size
ratio between blood and plasma is intriguing, it is unlikely that
the red blood cells have no effect on the wicking process. Other
causes of the smaller stain size for blood could include blood cells
form blockages in the smaller pores of paper, or electrostatic repul-
sion between the negatively charged red blood cells[26] and the
anionic cellulose [27]; however this is unlikely to be significant
due to the micro scale of red blood cells.

Stains on different papers can be compared by defining a new
variable, the paper ratio factor (PRF). This is calculated as the gra-
dient of the stain area to volume relationship on a certain paper,
divided by the gradient of the same fluid on a different reference
paper (Eq. (2)). Table 3 compares the PRF values on hand towel
and filter paper for 3 fluids. If the two papers were to behave iden-
tically, simple volume conservation analysis reveals that the PRF
should be equal to the ratio of the two paper thicknesses. This ratio
was measured by micrometer and found to be 2.26.

PRF = GHandTowel/GFilterPaper (2)

Although plasma and BSA have PRF factors close to 2.26, water
shows a slightly lower than expected ratio. This implies that water
and biological fluids are affected differently by the change in paper
properties.

Schuchard et al. reported fiber swelling to be an important
parameter to consider for wicking in cellulose networks [29]. All
fluids used in this study are water-based and therefore will swell
cellulose; however, it is not clear if there is a difference in swelling
among fluids and whether this would cause a change in stain area.
This could be the cause of the shifts in PRF value between fluids as
paper type may affect the extent of fiber swelling.

4.2. Effect of evaporation

The linearity of the equilibrium stain area with drop volume
relationship (Fig. 2a) implies the absence of any significant evapo-
ration. If evaporation was taking place, a plateau would be
expected at the higher drop sizes. This is further shown by drying
time experiments in which the weight after fluid contact with
paper was measured with time. No significant drying occurs in
the time frame of wicking, which range between 5 and 15 s in this
study. Therefore evaporation is insignificant for the system stud-
ied. Measurements with water, plasma, PBS and BSA solutions all
show similar behavior.

This differs from expectations from literature. Gilespie [13]
predicted that a wicked stain equilibrium area would only be

Table 3
Paper ratio factor (no unit). Filter paper is used as reference paper.
Fluid PRF
Water 1.87
Plasma 225

10% BSA 2.06

detectable when evaporation is significant. It might be possible
that the measured apparent equilibrium position is actually a state
where the front is moving so slowly that its motion is unobservable
and the final position is the effect of drying after a significant time.

Nilghaz et al. [30] demonstrated that coffee rings [31] form on
paper in some situations. As the mechanism of coffee ring forma-
tion is dependent on a pinned outer edge [32], and the effects of
surface pinning are not included in models that predict indefinite
spreading, pinning may be a determining factor in stain equilib-
rium size.

4.3. Wetting mechanism

Advancing contact angle measurements were performed on
model cellulose films. The contact angle data can be used with
the Young equation [33] (Eq. (3)), to determine the interfacial
energy at the solid liquid interface. Eq. (4) accounts for surface
roughness [34]. The value for the cellulose-air interfacial energy
s, used is 69.0 mN/m. This value is the mean of the two testing
methods for the surface energy of untreated cellulose fibers by
Westerlind and Berg [35] and is very close to the value also found
by Niegelhell et al. [36]. The roughness used in calculations was
measured by atomic force microscopy to be 1.16. Roughness is
defined as the real surface area divided by the surface area of a
smooth surface of the same dimensions.

Vsv = Vst + P1p COS O 3)

where y,,, 74 and 7,, are the solid-vapour, solid-liquid and liquid-
vapour surface tensions respectively.

€OS Ogpp = I'COS 0 4)

where 0, is the apparent measured contact angle, r is the rough-
ness of the substrate and 6, is the real contact angle that can be used
in the Young equation. The solid-liquid interfacial energies calcu-
lated are presented in Table 4. Results from PBS are calculated to
demonstrate the negligible effect of ionic strength on wetting.

The equilibrium stain size of 0% BSA or 100% PBS are similar to
tests with water, which shows that the effect of salinity is
negligible.

4.4. Protein adsorption

Surface energy measurements show the solid liquid surface
energy to be significantly raised by high protein concentrations
in the droplet solution. Fluids exhibiting similar stain sizes, such
as 10% BSA and plasma also have very similar surface energies. This
suggests a relationship between stain size and the solid-liquid
interfacial energy which is affected by protein content in the fluid.
This is most likely caused by protein adsorption onto the cellulose
surface.

The adsorption of BSA and human immunoglobulin G onto cel-
lulose was previously demonstrated [7]. This adsorption of blood
proteins was shown to make cellulose more hydrophobic after
aging and drying [23]. This augmented hydrophobicity is caused

Table 4
Liquid solid interfacial energy measured from wetting experiments for the different
fluids on cellulose films.

Fluid Mean advancing contact angle  Solid-liquid interfacial energy
(degrees) (mN/m)
Water 135 8.4
PBS 16.6 9.3
BSA 10% 284 38.6
Plasma 289 35.0
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by an increase in solid-liquid interfacial energy at the cellulose
interface due to a protein conformation change. The increased
solid-liquid interfacial energy calculated here is likely caused by
a similar mechanism although contact angle measurements were
performed with the protein solution, not water after drying as in
previous studies. An increase in cellulose-fluid interfacial energy
would cause a decrease in stain area as the formation of such an
interface is energetically unfavorable.

As a wicking system is in motion the transportation of solution
components is not necessarily homogeneous due to adsorption and
diffusive variations. Such variations can effect wicking of surfac-
tant solutions [37]. The surface energies calculated for static drops
in equilibrium presented may not directly translate to transient
wicking analysis. It is also unknown how the addition of protein
will affect fiber swelling.

Interpolating from the trend in Fig. 3a, plasma behavior is sim-
ilar to a solution having a BSA concentration of 8.3%. This value dif-
fers from the average concentration of albumin in human plasma
which is 3.9% [4], with normal values ranging from 3.2% to 4.5%
[5]. Although albumin concentration is likely to be a factor affect-
ing plasma equilibrium wicked area, it is not the only factor.

Albumin represents only 60-65% by weight of blood plasma
proteins [6]; there are many other blood proteins capable of
adsorbing onto cellulose [7]. The concentration of all proteins in
plasma is approximately 6.2%. Comparing this value to the plasma
similar BSA solution concentration (8.3%) reveals that either non-
albumin proteins effect equilibrium on a per weight basis more
than albumin, or there is another factor that has not been
investigated, such as the competitive binding of phosphate ions
from PBS [38].

5. Conclusion

A series of small droplets of blood and model fluids were depos-
ited onto paper and the stain area to drop volume was measured
for droplets of increasing volume. The model fluids studied consist
of a selection of simple fluids varying in surface tension and viscos-
ity, as well as blood plasma and protein solutions of different con-
centrations. The stain area-droplet volume relationship was
studied. This was performed under controlled conditions (23 °C
and 50% RH) under which evaporation was negligible. To better
distinguish the effect of wetting from radial wicking in a porous
material, the contact angle of plasma and water were measured
over smooth cellulose films.

The area of the stain achieved by the radial wicking of a droplet
of controlled volume deposited onto paper is very reproducible.
Stain area scales linearly with droplet volume. The slope of the
stain area-droplet volume relationship (gradient) is indicative of
the fluid composition and the paper structure. The gradient is how-
ever nearly independent of fluid viscosity and surface tension.
Blood has the lowest gradient, followed by plasma, protein solu-
tions and the model simple fluids each having nearly identical
slopes. This different behaviour was attributed to the adsorption
of protein onto paper, affecting the solid-liquid (y,) interfacial
energy. The protein content of BSA solutions and blood was found
to strongly effect the gradient and therefore the equilibrium stain
size. This is due to the increase in surface energy that occurs after
protein adsorption onto the cellulose fluid interface. Previous stud-
ies have shown that the ratio of surface tension to viscosity is a
critical parameter for situations under non-equilibrium wicking
conditions [12-14]. However, our results were found to be almost
independent of the ratio. The paper ratio factor (PRF) is proposed as
a new measure of the relative stain sizes in different papers and is
compared to the ratio of thicknesses to identify effects from paper
structure.

The reproducibility of stain area-droplet volume on paper, its
ease of measurement combined with the slope (gradient) being a
function of fluid properties all make blood stain analysis very
attractive for diagnostic applications. Blood stain analysis could
become the basis for a new generation of high throughput and very
fast blood diagnostic systems.
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Hypothesis: The rate of stain growth of a sessile droplet deposited on paper has been previously studied
(Kissa, 1981; Danino and Marmur, 1994; Kawase et al., 1986; Borhan and Rungta, 1993) but is not fully
understood. In particular, the mechanism by which the abrupt decrease in growth rate occurs is
unknown. This process is expected to follow a model where the disappearance of the droplet is repre-
sented by a change to the boundary condition at the droplet-paper interface when the volume of the fluid
inside the paper is equal to the volume of the simulated droplet.

ll:?c,l‘i/g(l)rjvsi;l<in Experiments: The stain size of sessile droplets on paper was monitored against time. A series of fluids
Stain area & varying in surface tension and viscosity was studied. The kinetics of stain growth was modelled and com-

Paper pared with experiments and existing models of stain growth.

Wetting Findings: The measured stain area formed by a sessile droplet deposited on paper follows a two regime
Kinetics mechanism (Danino and Marmur, 1994). In the initial regime, the dynamics are governed by the filling of
Modelling pores. However, in the later stage, the process is influenced by the emptying/redistribution of fluid.

Sessile droplets Simulations show that experimental results are well described by a model that identifies the change in
boundary conditions after the droplet is no longer present above the paper, coupled with the change
to a redistribution dominated mechanism.

Crown Copyright © 2019 Published by Elsevier Inc. All rights reserved.

1. Introduction rial to be a collection of cylindrical capillaries and gives fairly good

correlation with experimental results in a variety of porous

Wicking has been described for many years by the Lucas-
Washburn equation [5,6]. This model assumes the substrate mate-

* Corresponding author.
E-mail address: Gil.Garnier@monash.edu (G. Garnier).
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0021-9797/Crown Copyright © 2019 Published by Elsevier Inc. All rights reserved.

materials [7,8]. However, there are several critical and restrictive
simplifications required that prevent generalisation of the model
to all wicking applications. The two most notable assumptions of
the Lucas-Washburn equation are: (i) the unidirectional require-
ments and (ii) the definition of a sharp interface where the
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material transitions from 100% saturated to 0% saturated at the
wicking front. These two assumptions do not apply for many sys-
tems including droplets wicking on paper. To overcome these sim-
plifications, previous researchers have derived relations based on
Darcy’s law for flow through porous media. These approaches
allow for the description of wicking in complex geometries and
semi-saturated media and are used in the design of many paper-
based diagnostic devices [9].

The deposition of a droplet of liquid onto the surface of a thin
porous material like paper is a special wicking case that has
received particular attention. Droplets wicking on porous media
and the kinetics of stain growth play a critical role in many indus-
trial applications, including printing for communication and func-
tional uses such as biodiagnostic manufacturing. Fundamentally,
modelling the kinetics of droplet wicking, from sessile droplet to
stain at equilibrium, has remained a complex and elusive task. This
process is different from the case of a infinite reservoir system
because at some finite time after deposition, the droplet will com-
pletely be absorbed by the paper, changing the nature of the pro-
cess significantly. These two stages are usually referred to as
stage one (droplet disappearing from the surface of the paper)
and stage two (absorbed droplet redistributing/wicking in paper).
As stage two is much longer than stage one, most of the models
have been focused there. Many models based on Darcy’s law have
been proposed. However, all have relied on many empiricisms to fit
results [1,2,10,11]. All of these relations can be broadly expressed
in the functional form:

Aoct™, (1)

where A is the wetted area, t the time after deposition and m is a
constant. The evolution of the stain area produced by a wicking dro-
plet is quite well represented by this power law. However, the value
of m is higher in the first stage than in the second stage. The stated
values of m for each stage vary but are in the range of 0.39-0.50 for
the first stage and 0.10-0.33 for the second stage [1-4]. These dis-
crepancies have been attributed to differences between fluids, dro-
plet sizes, absorption by fibers, temperature and humidity;
however, no model has been able to explain the large variation
reported.

Marmur [12] presented an analytical model for radial wicking
where the material is modelled as a gap between two plates with
liquid being introduced from a hole in the center of the top plate.
Marmur’s equation expressed in terms of area [4] is given as:

A A B 2mdy cos f
a (1) = (5 .

Here A is wetted area, A, is the area of the inlet, d is the separa-
tion of the two plates, y is the liquid-vapour surface tension of the
liquid, 0 is the contact angle and u is the viscosity. This approach is
similar to that of Lucas and Washburn as it also assumes a sharp
interface. Despite this, the equation predicts radial wicking behav-
ior from infinite reservoirs quite well [2,4] and results from Danino
and Marmur [2] imply that it also can be used to model stage one
of droplet wicking. For the droplet wicking case, it is not clear what
value to use for A,; however, the fitted values are physically
reasonable.

The effectiveness of Marmur’s equation in predicting stage one
behavior implies that the distribution of fluid creates an abrupt
transition between fully saturated and dry paper. However, after
the consumption of the reservoir (stage two), liquid motion is pri-
marily driven by the redistribution effect [13] which is why Mar-
mur’s equation is no longer appropriate. The redistribution effect
is the emptying of initially filled large pores into smaller pores
due to the higher capillary pressures there. Our previous work
has identified that this motion will continue until a position is

reached that is determined by the system'’s solid-liquid interfacial
energy [14].

Several numerical studies have predicted wicking behavior
from infinite reservoirs using Richards’ equation, developed to
determine liquid distribution in soils [15-18]. Some of these stud-
ies simulate radial wicking and correlate well with both experi-
mental results and Marmur’s relation (Eq. (2)). The present work
applies previously developed numerical schemes to model the
radial wicking of fluid from a sessile droplet. This is done by apply-
ing the same Dirichlet (saturated) boundary conditions [19] used
for infinite systems at the droplet interface until the simulated dro-
plet is consumed. After this a Neumann (no flux) boundary condi-
tion [19] is used.

It is the objective of this study to measure and model the wick-
ing dynamics of a sessile droplet deposited onto paper. We also
aim to identify and quantify the mechanisms controlling the stain
growth in paper. This knowledge is required to engineer accurate
and predictive paper diagnostics for biomedical applications [20].
A secondary objective of the study is to develop a rigorous, accu-
rate and physically meaningful alternative to the Lucas-
Washburn equation.

2. Methods
2.1. Simulation

2.1.1. Model development

Richards’ equation can be described as Darcy’s law with allow-
ances for mass conservation where the permeability of the porous
material is proportional to the local volume fraction [21],

(?—d) =V (M VP) (3)
ot n

here ¢ is the relative volume fraction expressed relative to maxi-
mum saturation ¢ = €/¢, € is the volume fraction expressed in vol-
ume of fluid per volume of paper and ¢; is the saturated volume
fraction, K(¢) is the permeability as a function of volume fraction,
W is viscosity and P is pressure.

In a wicking situation where there is no externally applied pres-
sure gradient and gravitational effects can be ignored, pressure
variation is caused solely by Laplace pressure at liquid-vapour
interfaces. This pressure will be a function of volume fraction as
the liquid-vapour interfaces will be in small pores with higher
Laplace pressures at low volume fractions, and will move to large
pores with lower Laplace pressures at high volume fractions. With
this, Eq. (3) becomes the diffusion equation where diffusivity is a
simple function of pressure, permeability and viscosity:

0 _ . (D@
a7 (Cive) @
D(¢) = k() 512, 5)

This approach was verified by several previous studies [15-18].
However, each of those used a different function for permeability
and pressure distribution. One of the simplest systems of constitu-
tive equations for permeability and pressure was implemented by
Perez-Cruz [15] and is reproduced here. This model expresses the
combined effects of varying pressure and permeability as an effec-
tive scaled diffusivity. Due to the factor of viscosity in Eq. (4), D(¢)
is not a true diffusivity and therefore does not have the units m?/s.
This scaled diffusivity can be expressed as a power law relation
with volume fraction [15]:

D(¢) = Dog" (6)
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where Dy is the viscosity scaled diffusivity at saturation and n is a
constant calculated from a substrate’s pore size distribution index
[22]. Perez-Cruz fit n to results. However, pore size distribution
index (2), and therefore n, can be calculated by fitting Eq. (7) to
experimental porosimetry data (Fig. 3):

()"
n=2 +%, ®)

where P. is atmospheric pressure. These relations are based on the
Brooks Corey model for water penetration in soils [22].

2.1.2. Model implementation

The solution of Eq. (4) was carried out in arb, an open source
finite volume solver [23] on a two-dimensional axisymmetric
domain (Fig. 1). Boundary conditions were initially no flux on all
external edges, except the top region covered by the droplet at
0 > r > Ry. Here, the value of phi was fixed at the saturation value
of the material until the total volume of liquid in the domain
reaches the volume of the simulated droplet at t =ty For
t > tus the boundary condition at the droplet interface was chan-
ged to the zero flux condition. This procedure simulates the transi-
tion from stage one to stage two radial wicking where the droplet
disappears from the surface of the paper. This process ignores the
changes in droplet radius discussed in previous literature [24] as
the effects on larger scale behavior are secondary. A structured
mesh was used to better capture the sharp front that is created,
with four divisions used in the vertical direction as the problem
is essentially one-dimensional. This is because the small thickness
of the paper relative to its length means that vertical equilibrium
occurs so quickly that a one-dimensional simulation would have
also been appropriate. A two-dimensional domain was however
investigated to make the initial surface saturation boundary condi-
tion where the droplet resides more intuitive. The results of a mesh
refinement study are shown in supplementary information for an n
value of 8. This value was chosen as it is higher than any n value
used in results and therefore represents a worst case, where the
simulation would be most dependent on mesh quality. This is
because higher n values cause a sharper interface to form. A mesh
spacing of 6x = 0.02R, was chosen as this kept simulations to a rea-
sonable time and corresponded to less than a 5% variation from the
finest mesh tested. To simulate the first stage a time step 6t = 0.01
s was chosen to ensure that t,,, was calculated to sufficient accu-
racy. During the second stage the time step was increased incre-

O =, 2 Laps

mentally to a maximum of 0.04 s to save computational time.
Time step sensitivity analysis of the same test case as the mesh res-
olution study was carried out, showing that the choice of 6t =
0.01-0.04 s was sufficient for accuracy and stability of the numer-
ical solution.

Stain boundary was calculated by identifying a radial position
that corresponded to a relative volume fraction (¢) of 0.01. As vol-
ume fraction decreases extremely quickly near the edge of a stain,
the criterion of stain front definition did not affect results. This
model uses 7 input parameters: V, droplet volume, u viscosity, h
paper thickness, D, diffusivity at maximum saturation, n linear
function of pore distribution index, A, initial droplet area and ¢
saturation volume fraction. While some of these parameters can
be directly measured and some must be fitted, all have a physical
meaning in the first stage of the simulation. As n is only based on
pore distribution index in the first stage it is an empirical fitting
parameter in the second.

2.2. Experimental

2.2.1. Materials

Analytical grade glycerol, decane and ethanol were purchased
from Merck, Sigma and Thermo Fisher Scientific, respectively. Den-
sities of glycerol, decane and ethanol solutions were interpolated
from data measured by Sheely [25], Liu et al. [26] and Khattab
et al. [27] respectively. Tests were performed on Whatman 41 filter
paper and Advantec GA-55 glass fiber filters. Deionized water for
tests and dilutions was purified from tap water with a Direct-Q
water purification system to a minimum resistivity of 18.2 MQ-cm.
Queens blue food dye was used to dye water soluble fluids.

2.2.2. Methods

Droplets were produced with an adjustable needle and a syr-
inge pump in the same way as our previous study [14]. The syringe
pump provided a constant flow rate to the needle which causes
droplets of repeatable size to detach and periodically fall from
the needle. Droplet size was quantified using a Mettler Toledo
TLE balance before the needle was directed onto the paper surface.
The average weight of 4 previous droplets divided by the density of
the fluid was used to estimate the volume of the droplet that fell
onto the paper. Droplet size was controlled by altering needle size.
Stain size data were recorded by a Point Grey Flea3 camera
mounted on a track that captured the reflected bottom view of
the paper. The images were captured at 120 frames per second. A
diagram of the experimental setup is shown in Fig. 2. All tests were
performed in a 23°C 50% relative humidity environment. To
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Fig. 1. Diagram of simulation domain with implemented boundary conditions.
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Fig. 2. Syringe pump and needle experimental setup. The side mounted camera and 45 degree mirror are shown.

improve contrast, 3 wt% of food dye solution was added to the
aqueous solutions. Tests were performed to ensure the dye at the
concentration studied did not affect results. Although the dynamic
wicking measurements without dye were prone to noise, there was
no significant differences between dyed and not dyed fluids. This
dye was assumed to have the same properties as water and was
included in solution concentration calculations. Droplet disappear-
ance times were found using a side mounted Phantom VEO 410L
high speed camera recording at 4000 fps. No adequate dye was
found for decane as all dyes separated chromatographically due
to their affinity for cellulose. Due to this, no contrast agent was
used and as a result there is more noise in the decane recordings.

2.2.3. Porosimetry

Porosimetry measurements were performed with a mercury
porosimeter (Micrometrics AutoPore IV 9500). This characterises
the infiltration against pressure. To convert this into data that
can be compared to Eq. (7), the infiltration values were divided
by their maximum value; this gave infiltration data relative to
maximum saturation. The pressures were converted to a radius
and then back to a pressure using the Laplace equation applied
on circular capillaries using the surface tension of mercury and

Table 1
Fluid properties used.

then back with the surface tension of water. The values of surface
tension and contact angle used are shown in Table 1.

3. Results
3.1. Porosimetry

To verify the use of Eq. (6), porosimetry measurements were
carried out. This allowed the fitting of model pressure curves (Eq.
(7)) to porosimetry data to determine the pore distribution index
and therefore the value of n. Fig. 3 shows the comparison between
porosimetry data calculated using the surface tension and contact
angle of water. A pressure curve corresponding to an n value of 2.2
is fitted, with good correlation between model and experimental
data.

3.2. Initial penetration

Simultaneously recording the side and bottom views of the
paper substrate allowed the delay between droplet impact and
stain appearance to be measured on all types of paper tested. A
high-speed recording of this imaged at 8000 fps is given in
supplementary information. This recording shows that the vertical

Fluid Concentration wt% Density (kg/m> x 10%) Surface Tension (mN/m) Viscosity (mPa-s) Advancing contact angle on cellulose (deg)
Mercury 100% 485 [28] 130 [28]
Water 100% 1.00 [29] 72.31[30] 0.93 [29] 13.5 [14]
Glycerol 10% 1.02 [25] 71.97 [31] 1.21[25]
Glycerol 20% 1.05 [25] 71.4[31] 1.63 [25]
Glycerol 40% 1.10 [25] 69.6 [31] 3.40 [25]
Glycerol 60% 1.15[25] 68.1 [31] 9.63 [25]
Ethanol 20% 0.93 [27] 32.27 [27] 2.52 [27]
Ethanol 40% 0.89 [27] 27.65 [27] 249 [27]
Ethanol 90% 0.80 [27] 23.09 [27] 1.38 [27]
Decane 100% 0.73 [26] 24.47 [26] 0.85 [26]
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Fig. 3. Comparison of the theoretical model (Eq. (7)) with the mercury porosimetry
measurement on Whatman 41 filter paper. Volume fraction is calculated as the
volume of fluid in the paper divided by the volume at maximum saturation.

penetration of the droplet into paper occurs so quickly as to be
considered instantaneous over the time scale of the stain growth.
This finding was consistent for all types of paper tested. This very
short time scale of vertical penetration also shows that the vertical
variation of fluid will be insignificant in this study. This, combined
with ignoring the variation between the paper machine (MD) and
cross (CD) directions that is known to cause slightly elliptical stains
[32] allows the process to be considered as one dimensional.

3.3. Stain growth

The stain sizes with time for a series of model fluids on What-
man 41 paper are shown in Fig. 4. The stain size data was recorded
over different time intervals. The main focus was on the early to
mid stages and longer recordings took up significant hard disk
space and were minimised. Due to this, the relative length of the
curves in Fig. 4 vary and are only indicative of the recording time.
The wicking behaviour of droplets of water, ethanol and glycerol
solutions on paper was studied. These liquids were selected to pro-
vide a variety of viscosity and surface tension conditions for a
homologous series of fluids. Droplets of different diameter were
deposited on paper and the stain area was recorded as a function
of time. Results show that the larger droplets cause larger stain
area; however, these area kinetics measurements are not scalable
by any simple function of droplet volume. In some cases, droplets
of slightly larger volumes created smaller stain sizes or vice versa
(Fig. 4d); the droplet volume difference over which this occurs
gives an indication of experimental error. Fluids of high surface
tension wick faster than fluids of low surface tension. Fluids of high
viscosity wick slower than fluids of low viscosity. These trends are
consistent with Marmur’s equation [12] (Eq. 2) as well as the
Lucas-Washburn equation [6].

3.4. Transition point

A two-stage wicking behavior becomes clearly apparent on a
log-log scale for all fluids tested. The linear counterparts to the
data in Fig. 4 are shown in supplementary information. The transi-
tion point between the two stages was identified from the sudden
change in the gradient in the log-log curves. The questions to
address are therefore whether these two stages have a physical
meaning, and what are the mechanisms driving the phenomena.

From the gradient of the log-log curves, the exponent m (Eq. (1))
can be calculated before and after transition. For all aqueous solu-
tions tested on paper, the value of m for each system ranged
between 0.26-0.44 for the first stage and between 0.12-0.20 for
the second stage. These values are slightly lower than those
reported in most previous studies on radial wicking [1,2,10].

Fig. 5 shows the results of the same test with decane. In this
case there is no clearly defined transition point, and the stains
are much larger than those from similar volumes of aqueous solu-
tions at all times. This size difference is highlighted by the plot util-
ising the same axis dimensions as those in Fig. 4.

Before stain growth data for different fluids can be compared
(Fig. 4), several droplets of similar size but from different fluids
must be compared. Unfortunately, due to varying densities and
surface tensions of fluids, any needle of a given diameter produced
droplets of different size for different fluids. This meant it was not
always possible to accurately predict the size of the droplet. Repro-
ducing identically sized droplets proved challenging for the differ-
ent fluids. To overcome this issue, the data was fitted to a function
of volume at every frame to determine the area’s dependence on
droplet volume at that time. This function could then be interpo-
lated to a desired droplet volume to estimate the stain area at
any volume for each frame. By combining these interpolated area
values, an estimate of the spreading dynamics could be calculated.
The results from interpolation agree with experimental data extre-
mely well and all areas were found to be strongly linear with dro-
plet volume at any given time. This means that the dynamics of
stain growth of a droplet of any size can be predicted accurately
using the results of two droplet sizes. This linearity was also
demonstrated in our previous study [ 14], where the area to droplet
volume relationship at equilibrium was found to be linear.

Using the data in Fig. 4, the area of the stain at the transition can
be plotted as a function of droplet volume. This is shown in Fig. 6a.
This demonstrates that the stain transition area forms a linear rela-
tion with droplet volume and is independent of fluid properties.
Aqueous solutions at high concentrations of ethanol and glycerol
deviate from this trend slightly.

Fig. 6b illustrates the timing of the stain transition point relative
to the timing of droplet disappearance above the surface of the
paper for water, 40% ethanol and 60% glycerol solutions. The same
figure with data from all water solutions is in supplementary infor-
mation. Fig. 6b also shows that linear fits are reasonable for both
stain size transition and droplet disappearance. Using these linear
fits for all fluids, the timing of stain size transition and droplet dis-
appearance of a 10 pL droplet is interpolated and compared in
Fig. 6¢. It shows that the timing of the two phenomena is related;
as one gets longer, the timing of the other generally follows pro-
portionally. The figure also shows that droplet disappearance
always occurs before the stain growth transition.

4. Discussion
4.1. Stain growth

Fig. 7 shows the results of an interpolation for the wetting area
produced by a 10 pL droplet of several model fluids on Whatman
41 filter paper for the beginning of the wicking period. There are
minor differences in the transient behavior of the stain area kinet-
ics among the various aqueous solution droplets. However, the late
stages appear to converge. This late stage convergence was dis-
cussed in our previous study [14] where the equilibrium stain size
was analysed for a series of fluids. Here, decane produces a much
larger stain size than those from the other fluids tested, despite
having a similar surface tension to the 90% ethanol solution. The
viscosity of decane is slightly lower than that of any other fluids
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Fig. 4. Evolution of stain size with time for a variety of fluids and droplet sizes on Whatman 41 filter paper.

studied (Table 1). However, based on the relatively low sensitivity
to viscosity found with the other measurements, it is unlikely that
the slightly lower viscosity of decane is responsible for the huge
discrepancy in stain behaviour observed. The high stain size of

decane was previously attributed to the purely non-polar beha-
viour of the fluid, preventing any swelling of the cellulose fibers
through relaxation of the intra and inter hydrogen bonding among
fibers [3]. Swelling of fibers results in a smaller amount of fluid
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for 3 representative fluids. Stars represent the time at which each droplet disappears from the surface of paper. (c) Interpolated stain size transition and drop disappearance
time data at 10 pL.
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4.3. Simulation results
The model developed predicts the wicking behavior of sessile
droplets onto a porous surface. It requires 7 input parameters to
calculate stain size as a function of time: droplet volume (Vp), vis-
1071 cosity (u), paper thickness (h), scaled diffusivity at saturation (Do),
N’E“ pore distribution index (1), initial wet area (Ao) and saturation vol-
£ ume fraction (€;). Each of these variables has a clear physical mean-
o ing and most can be identified experimentally [16]. Although the
< choice for droplet volume, paper thickness and viscosity is trivial,
the selection of the remaining variables is more difficult. For the
Decane given case, a value for n and therefore 2 was extrapolated from
Water porosimetry measurement in Fig. 3, and a value for Ay was found
Em::;: gg: by scaling the stage one data with Marmur’s equation (Eq. (2)).
Glycerol 40% The value of A that results in a linear relation with time is chosen
10! : : . . as the Ay for that situation. An estimation for €; can be found by
10 102 10" 10° 10" 102

Time (s)

Fig. 7. Interpolated data showing the spreading of 10 pL droplets on a loglog scale.

available, therefore effectively decreasing the liquid volume avail-
able to wick out. The swelling fibers will also physically become
larger, decreasing pore size [33]. Neither the effect of pore size
change or liquid consumption has been thoroughly quantified.
Schuchard and Berg [33] studied the effect of swelling fibers on
vertical imbibition from an infinite reservoir. They reported the dif-
ference between a swelling and a non-swelling fluid could be
accounted for by a reduction of the effective capillary radius in
the Lucas-Washburn equation [5,6] for normal paper fibers.

4.2. Mechanism of the stage transition

A two-stage wicking regime is clearly seen on the log-log scale
of stain size as a function of time (Fig. 4). These regimes are very
reproducible and were systematically observed for all fluids except
for decane on paper. Several explanations for this two-stage pro-
cess were investigated. First, as decane is known not to swell cel-
lulose fibers [33] the transition could indicate the time at which
the fibers have swollen by an amount that would affect wicking.
Tests on filter papers performed with glass fibers (non-swelling)
are given in supplementary information and also revealed a two-
stage process, very similar to that observed on cellulosic fibers.
This observation reveals that swelling is unlikely to be responsible.
A second possible explanation is the absorption of the droplet into
the paper. This process is likely to affect results as its timing corre-
lates with the stain transition (Fig. 6b). However, as this absorption
also occurs with decane droplets, it is unlikely to be a dominant
mechanism. Third, the transition could represent a transition from
wicking through a fully saturated to a partially saturated substrate.
This is likely to affect results; however, as there is little previous
work on the subject, the dominance of this mechanism is unknown
and needs to be further probed. This was achieved here by
modelling.

The transition from a fully saturated to a semi saturated mech-
anism also explains the delay seen between stain transition and
droplet disappearance shown in Fig. 6b. It is reasonable to assume
that the propagation of the effect of the droplet disappearance
(lowering of the local volume fraction), requires a finite period of
time to reach the outside of the stain. Also, the decreased volatility
of decane, compared to aqueous solutions, is unlikely to be respon-
sible for the change in transition phenomena as it would result in a
smaller amount of evaporation occurring. Our previous study
demonstrated [14] that even with the more volatile fluids, no sig-
nificant evaporation occurs over the time scale studied. Therefore,
lowering the evaporation further is expected to have no effect.

measuring the difference between the dry weight and the wet
weight of a paper sample. This was reported for Whatman 41 filter
paper previously [14]| and the volume fraction of water in wet
paper can be calculated to be 0.62. The testing standard used
(TAPPI 441) for wet weight characterisation includes a rolling step
between blotting papers that is designed to remove excess water.
However, this rolling method might also remove some excess
water that will otherwise remain in a droplet wicking case. For
these reasons, the actual saturated value is likely to be slightly
higher than measured. A value of €; = 0.7 best fits our results. The
results of a simulation with these calculated parameters and fitting
just the Do value is shown in Fig. 8. Parameter used in this simula-
tion are shown in Table 2. Viscosity of water is taken from litera-
ture [29].

Although modelling well represents experiments in the first
stage, poor agreement is observed for the second stage. It is clear
that the 7 parameters chosen do not fit the second stage. This is
not surprising, as only infusion porosimetry data was used to cal-
culate n. Hysteresis in porosimetry experiments is well docu-
mented [34] and its relevance to wicking reported [35]. As the
liquid redistribution (second) phase is dominated by the emptying
of pores, it is not surprising that a single value of n cannot capture
both the first and second stages. Fig. 9 shows the results of a sim-
ulation with a value of n that changes for the second stage. This
value was found by fitting the stain area data. This value could
not be externally calculated because it is an effective n for the
specific combination of infiltration and redistribution occurring
in the second stage which is rather complex. Both experimental

Area (mm2 )

-
=)
)

102 107! 10° 10’
Time (s)

Fig. 8. Comparison of experimental versus calculated values of area as a function of
time on a log-log scale.



APPENDIX A — CHAPTERS IN THEIR PUBLISHED FORMAT

250

320 M.J. Hertaeg et al./Journal of Colloid and Interface Science 541 (2019) 312-321

Table 2
Parameters used for Fig. 8.

Parameter Value

Vp 17 pL

n 0.93 mPa-s

h 226 pm

Do 12.09 nPa-m?
Ao 43.01 mm?
€5 0.7

n 2.2

and simulation results are also shown for a 17 pL droplet of water
and 40% glycerol solution in Fig. 9. The only difference between
these two simulations is a change in the viscosity parameter and
a refitted second stage n value. Parameters used are given in
Table 3. The viscosity of a 40% glycerol solution was interpolated
from results of Sheely [25]. The fitted value for second stage n
was different between the two fluids, with each requiring a differ-
ent fitted n value for the second stage. The fitted value for n during
the second stage is 5 and 4 for water and glycerol respectively. The
experimental results for glycerol are interpolated from data in
Fig. 4d as a droplet of exactly 17 pL droplet was not tested. The
water case is very well described by the model except for a slight
deviation at later times. This is most likely because evaporation
and swelling become more dominant in the later stages and are
not included in this model. The glycerol simulation predicts behav-
ior very well in the first stage; however, it deviates more than
water in the second. This implies that higher viscosities slightly
invalidate the assumption that the redistribution of fluid can be
represented by a simple constant exponent n. Although the broad
behavior is still represented. Simulations of different droplet sizes
with appropriate changes to Vp and Ay and keeping all else con-
stant also fit experimental data. However, small droplets
(<10 pL) are not well described by the model. This is likely because
the small reservoir results in a larger fraction of the stain having
never achieved full saturation. This would make redistribution
more dominant through the whole process, and would mean that
both the calculated n value for the first stage and the fitted value
of n for larger droplets for the second stage may not be an appro-
priate choice. The constant size of the fully saturated boundary
condition in the first stage would also be less appropriate for a
small droplet [24].

S \\'ater experimental

50 ¢ Water simulation
= Glycerol 40% experimental
®  Glycerol 40% simulation

0 . . . . . L ’ .
0 5 10 15 20 25 30 35 40 45
Time (s)
(2)

Table 3
Parameters used for Fig. 9.

Parameter Water Case 40% Glycerol Case
Vb 17 pl 17 pL

u 0.93 mPas 3.40 mPa-s

h 226 pm 226 pm

Do 12.09 nPa-m? 12.09 nPa-m?

Ao 43,01 mm? 43.01 mm?

€ 0.7 0.7

n stage 1 2.2 2.2

n stage 2 5 4

The abrupt transition from stage one to stage two and the flat
region immediately after is caused by the sudden shift in n at the
stage transition of the simulation. In reality, both the transition
from saturated to a no flux boundary condition and the change
in n value happens gradually as the droplet is consumed and the
dominant spreading mechanism changes from infiltration to redis-
tribution. This is a simplification and a more complete model
would account for this gradual shift. Not enough is known about
porosimetry hysteresis and how it is affected by local volume frac-
tion history to account for this effect. However, the broad effects
are well described by the simplification introduced here. It is also
relevant that the simulation results for the no hysteresis case
(Fig. 8) look very similar to results with decane in that no signifi-
cant transition is observable. The simulation can be made to fit
decane results with a single value of n, however this requires
new fitted values for Ay, Dy and n. This may be because the wetting
characteristics of decane on cellulose are such that the diffusivity
experiences no significant hysteresis, and this affects the calcu-
lated parameters.

Although surface tension and contact angle of the fluid are used
in calculating n from porosimetry data, these are also likely to
effect Ap and Dy; these were not included as input parameters in
the model. Both of these quantities for water and glycerol are very
similar [31], which explains why the model still fits experimental
data between these two fluids.

The results of these simulations show that there are two dom-
inant driving mechanisms behind the two-stage transition. First,
the change from saturated to non-saturated boundary conditions
at the center of the stain. Second, a change in how pressure and
permeability vary as functions of volume fraction between systems
that are dominated by pore filling and pore emptying.

&
£ 102} 1
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— \\ater experimental
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Fig. 9. Simulation and experimental results for water and 40% glycerol solution on a linear and log-log scale.
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5. Conclusion

The evolution in time of the stain area produced by a sessile
droplet deposited on paper was measured, modelled and analysed.
A series of fluids varying in surface tension and viscosity was
examined. A new model to describe the data has been developed
based on Richards’ equation [21] and is easily resolved numerically
in one dimension using experimentally measured boundary
conditions and input parameters. This expands on previous work
[10-12,15,18] where imbibition into linear and radial systems
from an infinite reservoir has been investigated and modeled.

Radial wicking kinetics with all tested liquids besides decane
showed two-stages, with a fast initial growth regime followed by
a slower regime. The first regime corresponds to the liquid absorb-
ing into the paper by wicking, while the second represents liquid
redistribution [2]. This work identifies the cause of the transition
between the two regimes to be the disappearance of the droplet
coupled with the shift in mechanism due to the redistribution
occurring in the second phase. This modeling technique also
describes well the experimental results for both regimes. Further,
the 7 parameters of the model have all a physical meaning and
can be either measured experimentally or calculated.

This research contributes to the fundamental understanding of
the wicking mechanism. The proposed modeling technique allows
the quantification and prediction of stain dynamics in a variety of
industrially relevant situations that were previously deemed too
complex. The wicking of a finite reservoir is a common process in
the printing, textile, agriculture and medical industries, and the
development of a method of prediction will assist in the design
and optimisation of new technologies. This study also provides a
rigorous and physically meaningful alternative to the semi-
empirical Lucas-Washburn equation to describe the wicking kinet-
ics of droplets in real porous media.
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ABSTRACT: In this study, we analyze stain growth kinetics from droplets of biological fluids
such as blood, plasma, and protein solutions on paper both experimentally and numerically. The
primary difference of biological fluids from a simple fluid is a significant wetting/dewetting
hysteresis in paper. This becomes important in later stages of droplet wicking, after the droplet has
been completely absorbed into paper. This is shown by anomalous power dependence of area with
time in the later stages of radial wicking. At early stages, current numerical wicking models can
predict stain growth of biological fluids. However, at later stages, the introduction of hysteresis
complicates modeling significantly. We show that the cause of the observed hysteresis is due to
contact angle effects and that this is the dominant mechanism that leads to the anomalous stain

Flow

——

growth kinetics measured uniquely in biological fluids. Results presented will streamline the design
process of paper-based diagnostics, allowing a modeling approach instead of a trial and error method.

B INTRODUCTION

Paper-based diagnostics are integral in an industry-wide shift
toward low-cost, point-of-care medical devices. Paper is a
flexible platform for these devices because of its low cost and
capacity to easily induce passive flows through wicking
phenomena caused by capillary forces. Current devices on
the market are typically reliant on a trial and error design
process because not enough is known about wicking
phenomena in paper. While wicking of simple fluids has
been well studied as it is integral to many industrial
applications including, textiles, printing, agricultural, and
medicine,'~® wicking of complex fluids has not been studied
in depth. This is required for the design of paper-based
diagnostics as it will allow the efficient optimization of
parameters such as paper properties and geometry. Also, as
paper-based devices often involve reactions inside a wicking
fluid, a thorough understanding of wicking phenomena is
required before any sophisticated reaction optimization can
take place. There are critical and distinct differences in the
behavior of simple fluids when compared to complex biological
fluids and suspensions. Also, the mechanism behind stain
growth transition in droplet wicking remains unknown as it has
been poorly studied. This lack of understanding is particularly
acute for human blood on paper. Much of the literature on the
topic is in the field of forensics and is focused on applications
rather than fundamental understanding,”’

Biological fluids have many different components that cause
complexities. The cell component of blood introduces
rheological changes such as a shear-thinning viscosity and
granularity caused by the presence of highly deformable red
blood cells (RBCs)."" Also, the significant protein content and
lipid component of blood plasma will adsorb onto both solid—
liquid and liquid—vapor interfaces, affecting the contact anﬁle,
surface tension, and viscosity of the system nonuniformly.' ">

© 2020 American Chemical Society

WACS Publications

8209

The most abundant protein in blood is albumin'? and has been
shown to significantly impact wicking in paper."'

Wicking is caused by a negative pressure produced by the
curved meniscus at the air—liquid interface between pores. The
pressure developed in a pore can be approximated with the
Young—Laplace equation applied for a capillary with a circular
cross section and setting the atmospheric pressure to zero (eq

1)

p= _ 2y cosd

R (1)

where P is the pressure on the liquid side of the meniscus, y is
the liquid—vapor surface tension, R is the radius of the
capillary, and @ is the contact angle. This negative pressure
causes Poiseuille flow toward the meniscus, drawing further
fluid into the capillary and moving the interface. In a complex
porous material like paper, the pore radius changes depending
on position. Therefore, the capillary pressure is not constant
and depends on the pore radius. The contact angle at the
meniscus is also a critical parameter affecting the driving force.

The radial wicking of a droplet on paper is an example of a
complex wicking scenario, and several studies have analyzed
stain growth as a function of time.'*™"” In this situation, stain
growth continues well after the droplet has absorbed into the
paper and disappeared from the surface. The absorption of the
drop a finite time after deposition causes a decrease in the
spreading rate, which can be clearly identified from the stain
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growth kinetics plotted on a log—log scale. The two stages
observed are referred to as stage one, where the drop is still
present above the paper, and stage two, where the drop has
been completely consumed. Before the transition, spreading is
driven only by the infiltration of pores near the edge of the
stain. After the transition, the reservoir of fluid is consumed
and any further stain growth is caused by the redistribution of
fluid from the large pores in the center to the unfilled small
pores at the edge of the stain. This causes voids to form in the
central region, creating receding air interfaces and therefore
negative capillary pressures to form within large pores at the
center of the stain. This effect causes impedance to further
stain growth. At first, the small radius of the filling pores near
the edge of the stain dominates and stain growth continues.'®
This becomes less dominant at later times as the meniscus in
the center region moves into incrementally smaller pores. Stain
growth transition was shown to depend on a hysteresis effect
presenting as a difference between infiltration and emptying
porous networks.'® Our previous numerical study showed that
including hysteresis is essential to produce clear second-stage
transitions and that an increase of hysteresis severity results in
a more drastic stage transition.”® This reveals that the stain
growth transition is not caused directly by the consumption of
the droplet reservoir. Instead, the stage transition occurs
because of a pore hysteresis that only becomes relevant once
the droplet is consumed; this is because until this point there
are no emptying pores. The cause of this hysteresis is poorly
understood and is likely to be material dependent. However,
the most likely causes are entrapment due to decreased pore
interconnectivity, contact angle hysteresis, and fiber swelling.
It is the objective of this study to elucidate the cause of
wetting/dewetting hysteresis in paper and the effect that
biological components have on the radial wicking process
(Figure 1). This is achieved through experimental analysis of

Flow

Figure 1. Advancing and receding contact angle in a model capillary
with adsorbed biomolecules.

stain growth of biological fluids, contact angle experiments,
full-morphology numerical analysis,”’ and continuum-scale
modeling using the Richards equation.”” This work enables the
prediction of the wicking behavior of biological fluids for the
efficient development of paper diagnostics.

B EXPERIMENTAL SECTION

Materials. Cellulose films for contact angle experiments were
prepared in the same way as several previous studies.'">>** Here, a
0.5 wt % solution of cellulose acetate (Sigma-Aldrich) in acetone
(analytical reagent, Thermo Fisher Scientific) was spin-coated onto
glass and then soaked in a 0.5 wt % solution of sodium methoxide
(Sigma-Aldrich) in methanol (Analytical reagent, Thermo Fisher
Scientific). Whatman 41 filter paper was used for wicking tests, and
the blood used was collected with consent by the Red Cross Blood
Service Australia following strict ethics requirements. Blood was
mixed with ethylenediaminetetraacetic acid (EDTA) as an antico-
agulant at collection to prevent coagulation.

Methods. Experimental Process. Stain growth data were gathered
by monitoring the stain size as a function of time after droplet

8210

deposition with the same setup as in our previous study.20 The
bottom view of the paper is captured using a Point Grey Flea3 camera
directed onto a 45° mirror positioned underneath the paper.
Examples of captured images are shown in Figure 2. Images were

0.18 seconds 1.18 seconds 16.43 seconds

- ! ! !

Plasma

: = = m : _5m
- ! ! !

Figure 2. Progression of stains from similar volumes of blood, plasma,
and water after droplet deposition on the same paper. Note the
different sized scale bars for the different fluids. Droplet volumes:
blood 12.9 uL, plasma 13.5 uL, and water 13.8 uL.

taken at a rate of 120 frames/s and analyzed in Image] to give area as
a function of time. Droplets were created by pumping at a constant
flow rate through a needle; this caused droplets of constant size to fall
periodically. The size of the droplet was calculated from weight
measured using a Mettler Toledo TLE balance before the needle was
positioned above the paper. The average weight of the previous four
droplets was divided by the fluid’s density to estimate the volume of
the droplet. The size of the droplet was altered using needles of
varying outer diameters. Needles were made by hand by drawing out
heated glass capillary tubes. Protein adsorption onto the needle
resulted in varying drop volumes. To overcome this, the needles were
submersed in the test fluid for 30 min prior to create a saturated layer
of adsorbed biomolecules.

Contact angles were measured with an OCA35 Dataphysics contact
angle instrument. For advancing and receding measurements, a pump
rate of 20 yL/s was used. The presented values are the mean of at
least six measurements, and the same batch of cellulose films was used
to decrease variability. The static contact angles of blood, plasma, and
water on silicon wafers were also measured. Advancing contact angles
of water and plasma on cellulose have been previously reported."'
These were measured and are presented again as a comparison with
these new receding measurements with blood components. All
wicking and contact angle tests were performed at 23 °C and 50%
relative humidity.

The internal structure of the paper used was imaged with a Zeiss
Xradia 520 Versa high-resolution X-ray computed tomography
scanner. The size of the scan was 150 ym X 150 ym X 205 pum
with a resolution of 0.46 ym (voxel volume = 0.46 ym X 0.46 um X
0.46 pym). The images were binarized in Image] using ANKAphase
plugin.*® This plugin implements a phase-contrast algorithm,*® which
was required due to the low absorption of X-rays by cellulose. For
analysis, the imaged section is required to be representative of the
bulk. For this to be true, the size of the image must be larger than the
length scale of heterogeneities in the material. This was confirmed by
cropping the image to different sizes and calculating the average

https://dx.doi.org/10.1021/acs.langmuir.0c01318
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Figure 3. Evolution of stain growth with time for droplets of varying volumes. (a) Plasma linear scale, (b) plasma log scale, (c) blood linear scale,

and (d) blood log scale.

volume fraction of the fibers in the new image. As the image size was
increased, the average volume fraction plateaued to a constant,
indicating that the taken image was large enough to be representative
of the bulk properties of the paper.

Numerical Methods. The model selected adopts a similar
approach to that of several previous studies.”””’ ">’ The Richards
equation eq 2 is used to relate volume fraction time and pressure.

(s,
ot H @)
where ¢ is the volume fraction divided by the maximum saturation in
the material (¢,), K is the permeability, u is viscosity, P is pressure,
and t is time. In most wicking systems, pressure is a function of only
the volume fraction. Due to this, the simpler eq 3 can be used.

(2,

ot u (3)
where D(¢) is given by

p@) = k() "

8211

K(¢) — K0¢(3/1+2)//1 (5)

oP(¢) _ 7.cos 9Pm¢(—1—1>//1
o 2 (6)

Expressions for K(¢) and %Z) (egs S and 6) can be derived using the

Brooks—Coorey model.>” Equation 6 has been altered to include a
linear relationship with surface tension and the cosine of the contact
angle. This relationship is predicted from eq 1. These expressions are
substituted into eq 4 to give eqs 7 and 8.

A is the pore distribution index derived from mercury porosimetry
or full morphology. In the typical expression derived from the
¢ 7o 0P,

A

Brooks—Coorey analysis, the produc is represented as a

single constant, usually defined as the capillary pressure at maximum
saturation. This is sometimes set to atmospheric pressure and
sometimes left as an empirical constant depending on best fit to data.
Here, contributions from surface tension and contact angle on this
constant are separated from the contribution from material choice P,
and A. The effect of P, is indistinguishable from Kj in eq 8, so the
estimation of this value is not possible. However, both of these
constants should be properties of the paper and therefore constant
between fluids. Therefore, the product KyP,, can be calculated from

https://dx.doi.org/10.1021/acs.langmuir.0c01318
Langmuir 2020, 36, 8209-8217
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Figure 4. Stain growth of several biofluids interpolated to 15 uL.
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experimental data using a single fluid and then used for all fluids on
that same paper.

D(p) = D0¢(2/1+1)//1 ?)
_ KB,y cos @
T (®)

Once all substitutions have been made, eq 3 is solved using an implicit
finite volume method using the open source PDE solver arb®>' over a
two-dimensional axisymmetric domain. The same uniform structured
mesh and temporal resolution were used as validated in our previous
study.”® 6 = 0.02r and 8t = 0.01 s, where . is the droplet radius. No
flux boundary conditions are used on all external faces except for a
small region where the droplet is in contact with the paper. Here, a
saturated boundary condition is used. The simulation is stopped when
the total volume of fluid inside the domain equals the specified
volume of the initial droplet. This introduces three additional
parameters: the thickness of the paper h, the volume of the droplet V,
and the radius of the contact patch r.. The radius of contact can be
estimated using the following equation

Dy

o 3V sin®

¢ 7|2 - 3cos@ + cos® 0 9)
This equation is derived assuming spherical cap geometry on a solid
surface. This is not rigorously exact on paper because some of the
liquid is absorbed and the instantaneous contact angle over paper will
be different from that calculated on other cellulose surfaces due to
porosity and roughness. The simplifications introduced in the model
mean that the real contact area differs slightly from the effective
contact area used in simulations. This is likely caused by ignoring the
effects of inertia and dynamic contact angle. Both of these effects have
been shown to influence some wicking systems particularly at early
times when velocities are high.sz_34 Despite this, eq 9 provides a
robust approximation.

Fiber interconnectivity is analyzed with a full-morphology
processing step. This is a quasi-static simulation technique to predict
the pressure variation in a porous material at various levels of
infiltration. It was first developed by Hazlett”" and has since been
used widely to analyze a variety of porous materials, including
paper.”*** The method uses a three-dimensional (3D) geometry and
relies on fitting spheres of constant diameter inside the void space in
the geometry. These spheres are allowed to intersect each other but
not with the fibers. As the Laplace equation (eq 1) can be used to
relate the radius of these spheres to a pressure, the level of infiltration
can be calculated as the original nonfiber volume in the paper minus
the volume occupied by the overlapping spheres. This is achieved by
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labeling all voxels occupied by spheres and then adding the volume of
all labeled voxels. In this way, the overlap between spheres can be
overcome and the true volume of the nonwetting phase calculated
accurately. Varying the size of the spheres allows the level of
infiltration corresponding to each capillary pressure to be calculated.
Most previous studies have used a commercial implementation of
the full-morphology algorithm called GeoDict by Math2Market. For
this study, a custom full-morphology implementation was developed
and written with Matlab. The code used can be found at https://
github.com/MHertaeg/Full-Morpholology.git.

B RESULTS

Figure 2 demonstrates the stain progression at different times
after droplet deposition on the same paper for similar volumes
of blood, plasma, and water. Achieving identically sized
droplets of different fluids was not possible because fluid
surface tension and viscosity affect the volume of droplets
generated with a needle. Even from the very early stages of
stain growth, blood has a very small stain size followed by
plasma and then water. Differences in stain size are highlighted
by the change in scale bar length between fluids. There is also a
difference between the roughness of the stain boundary of
different fluids, clearly forming different fractal dimensions.
The highest roughness is seen in blood followed by plasma and
water. All stains are slightly elliptical, with the major axis
aligned with the paper’s machine direction, indicating the
expected slight fiber alignment in that direction.

Figure 3 shows the growth of stain area with time from
droplets of plasma and blood wicking on filter paper. The log-
scale plots are presented, as the gradient of these indicates the
power dependence of area with time. These log-scale plots
clearly display two typically delineated linear regions.”* These
two regions identify the first and second stages of radial
wicking. Although similar in form, blood wicks more slowly
than plasma; this is shown by the different vertical scale used to
plot the two fluids. It can also be seen that the stage transition
occurs much later in blood than in plasma. Discrepancies in
blood wicking show that variability is higher between donors
with whole blood compared to plasma. This is due to
differences in red blood cells between individuals.***” Figure
S1 in the Supporting Information shows the variability caused
by different donors.

https://dx.doi.org/10.1021/acs.langmuir.0c01318
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Table I. Experimental Contact Angles and Stain Area Powers of Biofluids

fluid advancing 0,4, receding 6,
water 15 N
plasma 28 12
blood 46 3

hysteresis cos(0,..) — cos(6,4,)

first-stage power second-stage power

0.03 0.33 £ 0.11 0.15 + 0.04
0.09 0.32 + 0.02 0.06 + 0.01
0.30 0.24 + 0.04 ~0

Stain growth tests were also performed with bovine serum
albumin (BSA) solution, red cells suspended in phosphate-
buffered saline (PBS), and water. This was undertaken to
identify the effect cells and protein have on the wicking
process. Cells combined with water were tested as this was
anticipated to cause a significant number of cells to lyse (burst)
driven by a high osmotic pressure difference between the cell
and the bulk solution. Albumin is the most abundant protein in
blood"? and therefore serves as a simplified model of plasma. A
BSA concentration of 83 g/L BSA in PBS was chosen as it is
close to the protein concentration in plasma and has been
shown to mimic the wicking behavior of plasma.'’ All red
blood cell solutions were prepared at a concentration of 45%
by volume to be similar to blood.”® Stain growth kinetics from
all of these fluids are compared to water’® in Figure 4. As
experimental limitations prevented measuring the stain growth
from identically sized drops of different fluids, interpolated
data must be used. This interpolation was achieved by finding
the stain size at every time point and fitting to a linear function
of drop volume. Then, using this function, the stain size at any
drop volume could be estimated. By combining interpolated
stain area data at each time point, the full stain growth plot of
any sized droplet could be determined. Figures S1 and S2 in
the Supporting Information show the fit of results to linear
functions of drop volume for plasma and blood 30 s after
droplet deposition. These can be used to demonstrate the
small error introduced by this interpolation.

Figure 4 displays a significant difference between the stain
growths of the different blood components and water. Pure
water wicks very quickly followed by plasma, red blood cell
solutions, and then whole blood. Stains from suspensions of
blood cells in water and red blood cells in PBS achieve the
same equilibrium size. However, red blood cells in water are
slightly slower to reach equilibrium. As expected, the behavior
of blood plasma is mimicked with the 83 g/L BSA solution.
Comparing the gradient of a log—log plot reveals the power
dependence of the relationship with time. This value has been
quoted in previous studies'>'® and is very reproducible
between results of the same fluid and substrate. The calculated
power values for different fluids are shown in Table I. All first-
stage powers are similar, but second-stage powers vary
significantly. The second-stage power for blood is effectively
zero as the stains come to an abrupt halt after a short transition
region.

Table I also shows advancing and receding contact angles of
water, plasma, and blood on cellulose films. The biological
fluids have significantly higher advancing contact angles when
compared to water; however, receding angles do not show this
trend. The receding angle for blood is lower than all other
tested fluids although its difference from water is not
significant, particularly considering the inaccuracies in
measuring very low contact angles. Contact angle hysteresis
is usually presented as a difference in angles. Here, the
differences between cosines of the advancing and receding
contact angles are displayed in Table I as this is how the
contact angle is included in eq 1. This metric is presented to
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indicate the severity of contact angle hysteresis for these fluids.
Plasma produces 3 times the contact angle hysteresis as that of
water on cellulose; for blood, it is 10 times. These results
demonstrate that there is a correlation between a severe
contact angle hysteresis and a low second-stage power. Contact
angle measurements for sessile droplets of water, plasma, and
blood on silicon wafers were also performed. In this case, all
fluids were found to have a similar contact angle of
approximately 61°.

Numerical Results. Results of numerical simulations
compared to experimental wicking in the first stage for
water, plasma, and blood are shown in Figure 5. Good

Area (mm?)

Water (exp)
Water (sim)
Plasma (exp)
Plasma (sim)
Blood (exp)
Blclod (sim)

10! L
10! 100

Time (s)

10!

Figure S. Simulation of the stain area as a function of time on log—log
scale results for the first stage of wicking on paper. The parameters of
Table II were used with eqs 3, 7, and 8.

agreement is found apart from the very early stages and the
region right before stage transition. The simulations also
predict well the timing of the first to second stage transition as
the end of simulation results correlates to the position of the
change of gradient in the log—log experimental data. The
parameters used for each result are shown in Table IL h is the
thickness of the paper, €, is the saturation volume fraction, 4 is
the pore distribution index, y is the dynamic viscosity of the
fluids, @ is the contact angle, and . is the radius of the contact
patch of the droplet.

Table II. Parameters Used in Figure S

parameter water plasma blood

V (uL) 15 15 15

u (mPa-s) 0.93% 174" 40

7 (mN/m) 72.31% 60 50

0 (deg) 15 28 46

h (um) 226" 226" 226"

KoP,, 8.61 x 1077 8.61 x 1077 8.61 x 1077
r. (mm) 3.4 34 3.1

€, 0.7*° 0.7° 0.7°

2 5.0% 5.0% 5.0%

https://dx.doi.org/10.1021/acs.langmuir.0c01318
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h, €, and A are properties of the paper and have been
calculated or measured in our previous study.”® The value for
K,P,, was calculated with eq 8 using a previously reported
value of Dy.*° Viscosities are found from the literature. Both
blood and plasma have been shown to be shear-thinning;'®
however, as the shear rate in wicking is likely to be very small, a
constant viscosity is assumed. @ is the advancing contact angle
from Table L

A few studies have reported the surface tension of blood and
plasma. However, the reported values vary significantly.*' ~*
This variability could be caused by a number of factors:
differences between individuals, use of different anticoagulants
in blood collection, different storage conditions, or longer
delays between donation and measurement. Variability is also
caused by dynamic surface tension due to a transient
adsorption of proteins that is rarely considered.** Pendant
drop surface tensiometry®™ was performed on the samples of
whole blood and plasma used in measurements. Due to the
quickly changing surface tension right after droplet formation
and its dependence on interface dynamics, results were
variable. Representative measurements over a large time
interval are presented in Figure S3 in the Supporting
Information. These correlate with the range of values
previously reported. The complex interfacial behavior of such
systems means that the surface tension of these fluids will be a
function of geometry and diffusion dynamics. Therefore, the
effective surface tension in any particular system is difficult to
estimate without precise measurements. For this reason,
surface tension was fit to data, although the fitted values are
within measured ranges for both plasma and blood. Values for
r. are also found by fitting to data. The fitted values are within
20% of the approximate values calculated from eq 9 using the
volume of the droplet and the measured contact angle on
cellulose.

Full-morphology analysis was performed to assess the effect
of liquid entrapment due to insufficient pore interconnectivity
and whether this is a primary cause of the observed hysteresis.
This is achieved by changing the algorithm to only include a
wetting phase infiltration if pores are connected to a wetting
phase reservoir at the edge of the domain. This step is
common in full-morphology algorithms to account for
entrapment of both wetting and nonwetting phases.*® With
this condition included, the current analysis shows negligible
change. This implies that the paper pores are sufficiently
interconnected to prevent liquid entrapment.

M DISCUSSION

Measurements of the stain area as a function of time from
several biological fluids are shown in linear and log—log scales
in Figure 4. A significant difference in the stain growth kinetics
between biological fluids with substantial cell and protein
content appears when compared to simple, pure fluids. The
second-stage power is strongly system dependent for biological
fluids (Table I). Previous numerical research®® attributed a
change in power in the second stage to porosimetry hysteresis.
This hysteresis is caused by differences in wetting/dewetting
phenomena, and a more severe hysteresis has been shown to
cause a lower second-stage gradient. This is because dewetting
only occurs when the pores begin to empty after the droplet
has been consumed. This occurs at the end of the first stage as
the droplet disappears from the surface of the paper. The low
second-stage powers exhibited by biological fluids imply that
hysteresis is more severe for these fluids. Therefore, to
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understand the wicking behavior of these complex fluids, the
mechanism of porosimetry hysteresis is investigated.

When a droplet is deposited onto the surface of a wettable
porous media made of interconnected pores, two phenomena
happen concomitantly. The droplet absorbs within the surface
and starts wicking along the pores or fibers of the media.
Likewise, wicking is a two-step phenomenon dictated by two
distinct mechanisms.'” In the first stage, the pores are filled
with fluid provided by the droplet that is slowly being
consumed. After some time, the droplet disappears, which
initiates the second stage of radial wicking. In this stage, the
fluid required to fill pores on the outside of the stain is
provided by emptying the larger pores, causing the larger pores
to be refilled with air. After the transition, the mechanism
responsible for stain growth changes from wetting for the first
stage (fluid moving from the droplet into the pores) to a
combined wetting/dewetting mechanism for the second”®
(fluid moving from large to small pores). The advancing and
receding contact angles drive each process, respectively. Should
the advancing and receding angles be similar, or close, such as
for decane on paper, a single wicking stage is observed.”” For
most fluids and biological fluids in particular, this is not the
case. Wetting and protein adsorption change the three
interfacial tensions,’ thus changing the wetting of an
advancing or receding front of the liquid. This means that
the advancing angle will be much higher than the receding
angle. This affects the driving force behind stain growth and
creates the second wicking stage discrepancy discovered in this
study.

The developed model can predict the behavior in the first
stage. Predictions in Figure 5 deviate from experimental results
in the very early stages of stain growth because this region is
dominated by effects that are not included in the model. These
include inertial and surface impact/wetting effects. As
biological fluids show more deviation from the model at
early times, this is likely caused by biomolecule adsorption,
which brings about dynamic changes in the contact angle,
surface tension, and viscosity.'"** Results imply that this
adsorption has a very short time scale in this system. This is
why broad accuracy is achieved using constant parameters. The
later stages, right before stage transition, are also not well
predicted. This is because in reality, stage transition does not
happen instantaneously when the drop is consumed. There is
instead a finite time over which the transition occurs. During
this transition, the assumptions of constant droplet contact
radius and constant saturation are invalid. This is particularly
true for blood as the low viscosity and surface tension
combined with a high contact angle result in a very slow stage
transition that is not captured by this model. Despite these
discrepancies, simulation results demonstrate that differences
in stain sizes between biological and simple fluids are explained
solely by changes in surface tension, contact angle, and
viscosity. Continuing the simulation with a shift in boundary
conditions to model consumption of the droplet was
previously investigated.”> A good agreement was found for
simple fluids; however, such an agreement could not be found
for biological fluids. This is likely because hysteresis of contact
angles of the wicking fluid is very severe in biological fluids and
the simple power law model used previously to account for this
in simple fluids is no longer sufficient.

Before a more complete model of second-stage wicking can
be derived, the mechanism of porosimetry hysteresis in these
systems must be determined and quantified. Three hysteresis

https://dx.doi.org/10.1021/acs.langmuir.0c01318
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mechanisms have been investigated: (1) entrapment in a
porous network, (2) fiber swelling, and (3) contact angle
hysteresis. The effect of these factors is analyzed below.

In a capillary system, infiltration of the wetting phase will
occur only if the nonwetting phase has an evacuation route.
Similarly, if a fully wet capillary system is emptied, full
evacuation of the wetting phase will not happen unless all wet
regions have a path to the applied suction. In paper, the
entrapment of liquid could occur during the second stage if
initial stages of emptying caused the isolation of small areas of
the wetting fluid in isolated areas of smaller pores. This
entrapment of fluid in the second stage would produce the
observed hysteresis effect.

Full-morphology analysis was used to identify the effect of
liquid entrapment. Analysis shows that pores in paper are
sufficiently interconnected with a large range of pore sizes such
that no entrapment occurs. Thus, limited pore connectivity
cannot be the primary cause of the observed hysteresis. This is
particularly evident when it is considered that the resolution
used would not capture the very small connections caused by
fiber overlaps and intrafiber crevices. These very small channels
were shown to be partially responsible for fluid transport in
paper” and would result in a higher than calculated pore
connectivity. Figure S4 in the Supporting Information shows
the results from full-morphology analysis in comparison to
mercury porosimetry measurements fit to the Brooks—Coorey
model of pore dynamics.’® Mercury porosimetry data and
model fit are reproduced from a previous study on the same
paper.”® Our full-morphology calculation is similar to model
and experimental results. Discrepancies mostly at high and low
volume fractions are caused by errors in both full-morphology
and mercury porosimetry techniques. The true pressure against
the volume fraction curve likely lies in between the two
calculated values. Porosimetry results also demonstrate that the
majority of the pores in paper are larger than the average size
of red blood cells (6 pm).'” This supports the use of the
Richards equation in this system as it implies that blood can be
modeled as a continuum.

Another possible cause of the observed hysteresis is paper
swelling. This is because swelling fibers effectively consume
fluid, removing it from the system and reducing the local pore
radius and volume. This decreasing volume of fluid in the
system could create a hysteresis effect. This is unlikely as this
would not correspond with first-to-second stage transition
unless swelling occurred suddenly a finite time after contact.
Previous studies showed that the time scale of swelling in
normal paper fibers is very short (less than 1 s), so this is
unlikely to have an effect.*® It was also found that a two-stage
behavior is still observed in paper made with nonswelling glass
fibers.”® Therefore, swelling is also unlikely to be the cause of
hysteresis.

Contact angles experience hysteresis because local physical
and chemical heterogeneities produce pinning forces. This
could affect the second-stage behavior significantly as the
introduction of voids in the center of the stain in this stage
creates receding interfaces. Any hysteresis in contact angles
would alter the relative magnitude of the capillary pressures at
the advancing and receding interfaces. As this is what
determines the wicking rate in the second stage, results
would likely be affected significantly. Results in Table I show
that these systems do experience significant contact angle
hysteresis and the trend in hysteresis matches that of the
second-stage powers. Therefore, contact angle hysteresis is
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likely to be the cause of the two-stage behavior measured in
radial wicking. This also explains the reported relationship
between the contact angle and equilibrium size."" Contact
angle hysteresis defines the additional resistance to stain
growth in the second stage and the anomalous stain kinetics of
biological fluids.

Increased advancing contact angle of biological fluids on
cellulose has previously been shown to be caused by an
increase in solid—liquid interfacial energy due to protein
adsorption.'" The new results presented here show that, in
most cases, the receding angle remains low due to pinning
forces resisting the triple line motion. These pinning forces
could be produced by adsorbed protein and cells at the contact
line. This pinning due to adsorbed constituents is commonly
observed in many colloid suspensions and would be more
severe in blood as compared to plasma. This behavior is
matched by experimental results. This implies that the primary
cause of the anomalous stain growth behavior of biological
fluids is a severe contact angle hysteresis (Figure 1). This
occurs because adsorbed biomolecules cause a high advancing
contact angle but do not alter the receding angle significantly.

Attempts were made to alter the developed model to
incorporate the effects of contact angle hysteresis. This was
achieved by including contact angle as a function of the
temporal gradient of volume fraction. To do this, eq 3 cannot
be used as pressure is no longer solely a function of the volume
fraction of fluid in pores. Equation 2 must be selected instead,
which requires pressure to be calculated at each cell. A pressure
equation can be derived by integrating eq 6; however, this
introduces two numerical difficulties. First, the equation
predicts a negative infinite pressure at ¢ = 0; this can be
overcome by assuming a linear function of pressure from a
threshold minimum volume fraction. This had a negligible
effect on results as it maintains the required high pressure
gradient over areas with a small volume fraction that was not
achieved by simply setting a lower pressure limit. Second, the
new pressure field is discontinuous in regions where the
temporal gradient of volume fraction changes signs or where
the mechanism shifts from filling to emptying. This produces
convergence difficulties that could not be resolved. A more
detailed numerical study is required to properly resolve the
effect of contact angle hysteresis in radial wicking.

The developed model is capable of predicting results in the
first stage of wicking for all tested fluids by including values of
surface tension, contact angle, and viscosity. This shows that
the dynamics for complex fluids in this regime are driven by
the same mechanisms as simple fluids.””*’~>’ Results highlight
the role of hysteresis in these systems as it is the primary
difference between the two stages. For biological fluids,
wetting/dewetting hysteresis in the second stage is too severe
to model with current techniques. Experimental and numerical
investigations show that this hysteresis arises from contact
angle effects due to the protein and cell component of the
fluids. This identifies why the power relationship with time for
these fluids is low.

B CONCLUSIONS

In this study, the wicking of biological fluids including human
blood, plasma, and protein solutions on paper was measured
and modeled from first principles. This was to optimize the
design of novel low-cost paper-based diagnostics. A combina-
tion of high-speed photography, image processing, and
numerical modeling was used. The stain size of biological

https://dx.doi.org/10.1021/acs.langmuir.0c01318
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fluids on paper was recorded as a function of time. A unique
second-stage behavior was discovered, differing from that of
simple fluids. The two-phase wicking behavior of biological
fluids on paper is best visualized by following the stain area as a
function of time on a log—log plot. The cause of the second
wicking stage of biological fluids is a severe wetting/dewetting
hysteresis. Wetting experiments with model systems revealed
contact angle hysteresis to be the most likely cause of
hysteresis. Fiber swelling and liquid entrapment in porous
media were also investigated and dismissed. The difference
between first stages exhibited by the different fluids tested was
solely driven by differences in viscosity, surface tension, and
contact angle. This was demonstrated with a good fit to
numerical modeling in the first stage. These results give
significant insights into the wicking of biological fluids in
paper, particularly in finite reservoir systems where the
investigated hysteresis will be significant. This knowledge
now enables the development and optimization of a new
generation of low-cost diagnostic devices with powerful tools
such as computational fluid dynamics and mathematical
modeling.
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