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Abstract

In free-flow electrophoresis (FFE), a pressure-driven flow applied perpendicular to the elec-
tric field enables the continuous separation of charged solutes. Meanwhile, outlets located at the
end of the separation region provide the opportunity for convenient sample collection. Conse-
quently, FFE has drawn interest for many biological applications, including protein purification,
real-time monitoring, and sample preparation prior to mass spectroscopy. However, the poor
separation resolution associated with FFE has limited its potential. While advanced separation
modes like free-flow isoelectric focusing (FF-IEF) offer improved performance, they often lead
to further complications.

The objective of this work is to introduce an alternative separation mode in FFE that can
address some of its most prevalent limitations. This technique was inspired by a counterflow
gradient focusing mechanism that has been studied extensively in capillary electrophoresis. In its
present form, free-flow counterflow gradient focusing (FF-CGF) relies on an additional pressure-
driven flow through the sidewalls of an FFE separation chamber. The added flow will then move
towards the outlets, and in the process, create a velocity gradient in the direction of the electric
field. As a result, charged solutes migrating across the separation region will focus at a position
where their electrophoretic velocity is counterbalanced by the fluid flow. This mechanism is
similar in principle to FF-IEF, except it does not require a complex separation medium, and
focused solutes are less prone to precipitation.

The first component of this work involves the physical modeling of the FF-CGF system.
First, analytical equations describing the fluid velocity and the resulting focusing mechanism are
derived. Then, a numerical model is provided for a detailed understanding of the solute dis-
persion that occurs during focusing. In particular, the interplay between molecular diffusion, the
parabolic velocity profile of the counterflow, and the strength of the gradient is studied. An asym-
metric solute distribution is demonstrated for a wide range of experimental conditions, and this
knowledge can be used to predict separation resolution, throughput, and cross-contamination.
Finally, the analytical and numerical models are updated to account for the presence of elec-
troosmotic flow, which is shown to produce a pressure-driven backflow that can influence solute
dispersion.

The second component of this work involves the practical implementation of the FF-CGF
system, and there is an emphasis on strategies for generating the counterflow gradient. The
initial prototype is made using soft lithography, and high resistance side channels are used to
produce a uniform counterflow gradient along the length of the chamber. The second prototype
is made from a more rigid material, and provides a design that is more reliable and scalable.
Furthermore, a commercial porous membrane is used to supply the counterflow. During this
design, detailed guidelines are provided for the factors influencing device performance, includ-
ing the porous parameters, the separation chamber dimensions, the outlet channels, and the ion
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exchange membranes needed to supply the electric field. Finally, a third prototype is constructed
based on the aforementioned guidelines, and it is designed specifically for applications that re-
quire minute sample volumes. Moreover, this design can provide a better voltage efficiency, and
operate at higher gradient strengths than the previous prototypes. Throughout this entire design
process, the prototypes are used to demonstrate the separation of model proteins, and in general,
the results are consistent with the analytical and numerical models. In the end, the design and
implementation of FF-CGF highlights the versatility of this method, and may allow FFE to reach
its full potential as a powerful protein fractionation tool.
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Chapter 1

Introduction

1.1 Background

Proteins are incredible molecules that are essential to the operation of living cells. Each pro-
tein is made from a unique amino acid sequence, and this allows them to form highly complex
structures with a wide range of properties. For example, they can provide the cell with structural
support, or form channels and pumps at the cell wall to enable the passage of different molecules.
Additionally, they can serve as enzymes to initiate chemical reactions, or act as molecular ma-
chines that generate movement. Furthermore, they can interact with each other to transmit and
store information, and generate intricate communication networks that drive cell function [1] [2].

Clearly, the study of proteins can provide a seemingly endless source of scientific exploration.
More importantly, proteins are critical to identifying the underlying mechanisms that contribute
to disease, and have the potential to play a significant role during diagnosis and treatment [3] [4]
[5]. Therefore, life science research and the pharmaceutical industry have dedicated significant
resources to the development of instruments that can advance our understanding of proteins [6].
For example, mass spectrometers are commonly used to sequence proteins, and this knowledge
can then be related to their function, subcellular location, modifications, and interaction with
other proteins [7]. In addition, x-ray crystallography and nuclear magnetic resonance are power-
ful tools for understanding the three-dimensional structure of proteins, and this information can
be used to predict their bioactivity [8] [9]. Finally, surface plasmon resonance is often used to
provide a detailed analysis of the binding affinity between two proteins of interest [10].

Before a protein sample is analyzed with the aforementioned techniques, it often needs to
be isolated from a complex mixture of cell extract containing thousands of proteins and other
contaminants [11]. Since the isolation relies on the unique properties of a protein, the separa-
tion process itself can also contribute important information to the analysis [12]. Consequently,
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Figure 1.1: A schematic of an FFE separation chamber [19].

protein separation techniques are highly valuable, and this is not to mention the growing biophar-
maceutical industry that desires purified protein samples during manufacturing [13]. There are
many separation methods that exist, but chromatography and electrophoresis are the two most
widely used [14]. In chromatography, a column is packed with media that interacts with proteins
as they pass through. The strength of the interaction determines the apparent velocity of the pro-
tein, and can depend on a number of properties, including size, ionic charge, hydrophobicity, and
binding affinity [15]. As a result, different proteins will elute from the column at different times
for high resolution separations. In electrophoresis, proteins migrate through an electric field with
a unique velocity that depends on their size, charge, isoelectric point, or some combination of
the two [16]. Therefore, the proteins will form distinct bands across a separation medium which
usually consists of a gel matrix or a capillary. Due to the diversity of protein structures and prop-
erties, the ideal separation mode will depend on the application [17]. Furthermore, it is common
to combine several techniques, as this can increase the resolution, and provide an extra dimension
of knowledge to the analysis [18].

Traditionally, chromatography and electrophoresis are operated in a batch mode, which means
that the entire sample is loaded prior to separation [20]. However, it is also possible to perform
electrophoretic separations in a continuous mode if a pressure-driven flow is applied perpendicu-
lar to the direction of the electric field [21]. This technique is known as free-flow electrophoresis
(FFE), and an illustration of the separation process is shown in Fig. 1.1. In this example, a
thin carrier solution flows between parallel plates while electrodes at the sidewalls produce an
orthogonal electric field. When a narrow sample stream is injected with the carrier medium,
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Figure 1.2: a) Commercial preparative scale FFE device. [23]. b) Analytical scale uFFE device [24]

charged solutes migrate laterally according to their electrophoretic velocity and form distinct
bands across the separation chamber [19]. Outflow ports located at the end of the chamber then
enable the collection of the separated solutes. In addition to proteins, FFE has also been used to
separate small molecules, peptides, DNA, membranes, organelles, and cells [22].

FFE was initially developed by Barrollier et al. [25] and Hannig [26] around 1960, and
since then it has seen significant interest, including several commercial devices (see Fig. 1.2a),
and experiments in space to study gravitational effects [27]. Compared to the other separation
techniques, FFE has generated excitement for the following reasons: 1) several charged species
can be separated and collected simultaneously; ii) the continuous operation allows for signifi-
cantly higher quantities of purified sample when compared to capillary electrophoresis (mg/hr
vs. ug/hr); iii) sample collection avoids the tedious extraction process associated with gel elec-
trophoresis; iv) the sample remains in solution which simplifies the potential for further analysis;
and v) its gentle separation conditions do not require harsh solvents or detergents, and this helps
preserve the bioactivity of enzymes and other sensitive biological species [28] [22] [29].

More recently, the emergence of microfluidic technologies enabled the reduction in separa-
tion chamber height, as well as the integration of complex microchannel networks for advanced
processing (see Fig. 1.2b). The initial microfluidic devices borrowed fabrication techniques from
the microelectronics industry [30], and eventually started to leverage new soft lithography meth-
ods for polymer based devices [31]. This led to the classification of miniaturized FFE (UFFE),
which has expanded the opportunities in FFE due to the following advantages: 1) the microscale
flows avoid the possibility of turbulence; i1) the effects of Joule heating are mitigated due to
improved heat dissipation and negligible gravitational effects; iii) the smaller volumes enable



the precise handling of minute samples; iv) it can be directly interfaced with mass spectroscopy,
and other separation modes for multidimensional analysis [32] [33]; v) integration with online
detection systems enables real-time monitoring of dynamic protein interactions [34]; and vi) its
portability provides additional versatility [35] [36].

Despite the potential of FFE, there are several technical challenges that have limited its
widespread use. Most significantly, the parabolic profile of the pressure-driven flow will distort
the separated bands and result in poor resolution [37]. On top of this hydrodynamic broadening
effect, molecular diffusion, sample injection width, and electroosmotic flow also contribute to a
reduced separation quality [38]. At larger scales, there is the added concern of natural convection,
which arises due to Joule heating [39]. Significant efforts have been made to improve the reso-
lution by introducing various focusing techniques. For example, isotachophoresis (ITP) [40] and
field step electrophoresis (FSE) [41] rely on steep electric field gradients to concentrate proteins,
but this leads to a stacking effect that is not ideal for sample collection. Isoelectric focusing (IEF)
has also been introduced to FFE, and this separation mode has achieved the most success [42].
The free-flow isoelectric focusing (FF-IEF) method relies on a pH gradient across the separation
chamber, which allows proteins to migrate to a pH where their net charge is zero. This is known
as the isoelectric point (plI), and it produces self-sharpening bands that are significantly less im-
pacted by hydrodynamic broadening, molecular diffusion, and sample injection width [43]. With
that said, FF-IEF has many practical issues of its own. For example: i) the carrier ampholytes
needed to generate the pH gradient are expensive and can contaminate the purified fractions; ii)
many proteins approach the pl slowly, which is not ideal due to the continuous nature of FFE;
1) many proteins have poor solubility at the pl, which can harm the separation performance; and
iv) the pl produces sharp gradients in conductivity and concentration, and this can also result in
broadening effects [44] [45] [46] [22] [47].

The objective of the present work is to introduce an alternative focusing method that ad-
dresses some of the issues associated with IEF, and hopefully allows FFE to reach its potential
as a powerful protein fractionation tool. The proposed technique relies on a counterflow gradient
focusing (CGF) mode, which has been developed extensively in capillary electrophoresis [48],
and belongs to a family of equilibrium gradient methods that includes IEF [49] [50]. In free-
flow counterflow gradient focusing (FF-CGF), the idea is to generate a velocity gradient in fluid
flow across the separation region that opposes electrophoretic migration. Consequently, proteins
will focus at a unique position along the gradient where their electrophoretic velocity is coun-
terbalanced by the fluid flow (see Fig. 1.3). Unlike FF-IEF, FF-CGF does not require complex
buffer compositions, and it avoids many of the problems associated with the pl. Throughout this
work, there will be an emphasis on developing strategies for producing the counterflow gradient,
which can be achieved by introducing a pressure-driven flow through the sidewalls of the FFE
chamber. Furthermore, the underlying physics of the focusing mechanism will be discussed in
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Figure 1.3: COMSOL v5.6 simulation of the FF-CGF principle. The fluid velocity in the z- and x-
directions is shown to illustrate the counterflow gradient. The electric potential and the resulting elec-
trophoretic velocity for a given solute are also shown. Finally, the concentration of different solutes
focusing across the separation chamber is shown, and it is seen that the focal position occurs where the
electrophoretic velocity is counterbalanced by the fluid velocity.

great detail, as this can be used to help predict separation performance, understand the relevant
sources of band broadening, and guide the design of future FF-CGF devices. Finally, several
FF-CGF devices will be presented to demonstrate the separation of proteins and small molecules
in practice.

1.2 Thesis Outline

In Chapter 2, a detailed overview of both FFE and CGF will be provided. For FFE, advances
in the area of physical modeling will be discussed, with an emphasis on the many sources of
dispersion that persist in FFE systems. Then, a detailed survey of the available FFE separation
modes will be provided, including FF-1EF, FF-ITP, and FF-FSE. After that, there will be a brief
summary of the practical concerns that need to be carefully considered for successful device
operation at the preparative and analytical scale. This will be followed by highlighting some of
the most promising applications in FFE. For CGF, a description of the focusing mechanism will
be provided, along with strategies for generating the gradient. In addition, a recent dispersion
model will be outlined. Finally, examples of existing CGF methods will be demonstrated, before
concluding with a discussion on the future directions of the field.



In Chapter 3, the concept of FF-CGF will be introduced and described in detail. First, analyt-
ical and numerical models will be derived for predicting the fluid dynamics and solute transport
in the system. Then, preliminary guidelines for the practical implementation of FF-CGF will
be provided, before an initial prototype is fabricated using standard soft lithography techniques.
Experiments will demonstrate the successful separation of small molecules and proteins under
different gradient modes, and the results are shown to be consistent with the modeling.

In Chapter 4, the solute dispersion that exists in FF-CGF will be investigated. The key phys-
ical parameters to be studied include molecular diffusion, the parabolic velocity profile of the
counterflow, and the strength of the gradient. There is an interesting interplay between all of
these factors which can be modeled using the convection-diffusion equation, and the results
demonstrate a wide variety of solute distributions. When diffusive transport is dominant, the so-
lute peaks resemble a skewed Gaussian curve. When convective transport is dominant, the curve
becomes much more asymmetric due to the influence of the parabolic profile, and a highly con-
centrated region begins to emerge at the centerline position. Although the traditional methods
of moments formulation could not be used to model this behaviour, an alternative peak fitting
method provided helpful analysis. In the end, the ideal experimental parameters will depend on
a number of factors, including throughput, cross-contamination, and Joule heating.

In Chapter 5, the solute dispersion model will be expanded to account for electroosmotic flow
(EOF) across an FF-CGF chamber. When EOF is present, the pressure across the chamber will
automatically adjust to maintain the fixed inflow rates at the sidewalls. This leads to a pressure-
driven backflow, and although it does not influence the focal position, its parabolic velocity
profile can influence solute dispersion. During this chapter, preliminary experimental results
from the initial prototype will be analyzed and compared to the dispersion models. Interestingly,
there is significantly less agreement at higher currents, and this may be due to the effects of Joule
heating.

In Chapter 6, the design of the FF-CGF system will be described in great detail, including the
influence of porous membranes, separation chamber dimensions, outlet channels, ion-exchange
membranes, and sample injection. Furthermore, an alternative fabrication method is used to
create a device that is more robust. Along the way, the potential for scaling up the device will be
considered, as well as the design requirements for preparative applications. Overall, the device
exhibits the potential to produce reliable separations and high quality peak measurements.

In Chapter 7, an alternative FF-CGF will be designed that is specific to analytical scale ap-
plications like real-time monitoring and direct interfacing with mass spectroscopy. During this
process, the design guidelines from the previous chapter are used to build a device with a uniform
counterflow gradient and a better voltage efficiency. Unlike previous designs, this device can be
operated at high gradient strengths, and the resulting peaks observed in this regime appear to be
consistent with the dispersion models.



In Chapter 8, the key contributions of this work will be summarized, and future directions
will be recommended. More specifically, the new FF-CGF method, along with the new dispersion
models, device designs, and experimental results will be described. Overall, FF-CGF displays
great potential as a protein fractionation tool, but several key limitations need to be addressed,
including the dispersion caused by the parabolic profile of the counterflow.



Chapter 2

Literature Review

The subject matter included in Chapter 2.2 is published: M. Courtney, C.L. Ren. Counterflow
Gradient Electrophoresis for Focusing and Elution. Electrophoresis, 40 (2019), 643-658. [51]

2.1 Free-Flow Electrophoresis

2.1.1 Introduction

The purpose of this section is to provide an overview of the theoretical and technical develop-
ments in FFE and pFFE, and discuss some of the challenges that need to be addressed. First, a
theoretical background will be provided with an emphasis on the factors that influence separation
resolution. Second, the main separation modes will be introduced, including free-flow isoelectric
focusing (FF-IEF), isotachophoresis (FF-ITP), and field step electrophoresis (FF-FSE). Third,
some considerations for the practical implementation of preparative and analytical scale devices
will be discussed. Finally, some of the main applications of FFE and uFFE will be highlighted.

2.1.2 Modeling Free-Flow Electrophoresis

The traditional free-flow zone electrophoresis (FFZE) mode as illustrated in Fig. 1.1 has been
the subject of many theoretical studies that focus on predicting the lateral migration distance
and the concentration distribution of the solute. While determining the migration distance is
straightforward, understanding the solute distribution can be quite complicated as it depends on
a number of factors which will be discussed in this section. It is important to understand these
factors in order to predict the separation resolution and optimize the experimental parameters.
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Figure 2.1: a) A schematic of an FFE device with an illustration of the relevant dispersion sources. Note
that the coordinate system from the original image was altered to maintain consistency with this study.
b) Electrohydrodynamic dispersion due to conductivity differences between the sample (Ksample) and the
background buffer (k) [38].

Consider an FFE chamber where the pressure-driven flow moves in the z-direction and the
electric field is applied in the x-direction (see Fig. 2.1). The lateral migration distance of a solute
in an FFZE separation chamber is similar to a standard electrophoretic device and is given as
[35]:

x = UgpLt 2.1

where Ugp is the electrophoretic velocity of the solute, E is the electric field, and ¢ is the residence
time in the separation chamber. The electrophoretic mobility is represented as [35]:

Ugp 2.2)

B 6rxnr

where ¢ is the charge, 71 is viscosity, and r is the ionic radius. Realizing that the residence time
can be related to the carrier buffer velocity (U;) and the separation chamber length (L), the lateral



migration distance can be rewritten as [35]:

X = ,LLEPE(L/UZ) (2.3)

which allows the position of the solute to be determined based on the experimental parameters.

In general, the concentration distribution of a solute around this position is assumed to be
Gaussian, and consequently the variance can be used to predict the width of the separated bands
and their resulting resolution. The variance is given as [35]:

2 2 2, 2 2 2 2
Ootal = Oinj T Op + Opp + Ofp + Ojy + Ogup (2.4)

where the contributing factors include sample injection width (Gi%lj), molecular diffusion (GI%),
hydrodynamic dispersion (GLZID)’ electrodynamic dispersion (GéD), Joule heating effects (GJZH),
and electrohydrodynamic dispersion (O'éHD). An illustration of some of these dispersion sources
is shown in Fig. 2.1. Clearly, dispersion can have a major influence on the separation perfor-
mance, and therefore the remainder of this section will focus on providing a theoretical back-
ground for the additive terms seen in Eq. 2.4.

Scaling and Dimensionless Numbers

Before describing the factors that influence dispersion in more detail, it is helpful to review some
dimensionless numbers to understand the forces that influence mass transport and the resulting
solute distribution [39] [52]. A summary of the dimensionless numbers relevant to FFE is pro-
vided in Table 2.1. The Reynolds number (Re) describes the competition between inertial and
viscous forces, and it is typically low (Re < 1) in FFE because the length scale is defined by the
small gap between the parallel plates. This implies operation in the laminar flow regime, which
indicates that the fluid flow velocity profile is parabolic, and the resulting solute streams are
well-defined. The Péclet number (Pe) describes the competition between convective and diffu-
sive transport, which has important implications in FFE. If convective transport is dominant, the
solute distribution will resemble the parabolic shape of the fluid flow, but if diffusive transport
is dominant, then there will be a more uniform solute distribution along the height direction. Fi-
nally, the Grashof number (Gr) describes the competition between buoyancy and viscous force.
Buoyancy is typically negligible for the length scales in microfluidics, but it can become in-
fluential at the preparative scale as chambers approach 1 mm in height [28]. In fact, density
gradients can be created due to local variations in temperature (07), conductivity (62;p), and
solute concentration [39] [38] [29]. It is important to consider these influences because the re-
sulting natural convection will distort the peak shape and reduce the separation resolution. The
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Table 2.1: Summary of dimensionless numbers relevant to FFE.

Dimensionless Number Description Equation
Reynolds (Re) inertia/viscous pTUd
Péclet (Pe) convective/diffusive %d
Grashof (Gr) buoyancy/viscous pgﬁ—’z"ﬁ

following equation has been used when predicting the significance of natural convection during

FFE [46]: G Aod
r_gAp

Re?  pU?
where g is the gravitational acceleration, Ap is the density gradient, d is the height of the cham-

ber, p is the buffer density, and U is the buffer velocity. If Eq. 2.5 is much less than 1, then
natural convection is negligible [46].

(2.5)

Method of Moments Formulation

There have been several theoretical models developed by Dutta using a method of moments
approach to develop a closed-form expression for solute dispersion in FFZE under different ex-
perimental conditions [53] [54] [43]. Assuming laminar flow, the velocity profile of the pressure-
driven flow between parallel plates can be written as [53]:

3 4y2
U, = §<Uz> (1 - ?) (2.6)

where (U;) is the area-averaged velocity of the carrier solution. This expression can then be
used in the convection-diffusion equation to describe the mass transport of the solute in an FFZE
chamber [53]:

aC 3 4y*\ oC _(9*C 9*C 9°C

where C represents the concentration of the solute and D is the diffusion coefficient. Note the
inclusion of the electrokinetic velocity term as well, which accounts for both the electrophoretic
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and electroosmotic velocity (Ug = Ugp + Ugo). If Cy represents the sample concentration at the
inlet, then Eq. 2.7 can be written in dimensionless form as follows [53]:

aCc* 3 o\ dC*  9%C*  93C*  9ACH
Pe, =+ 2p <1_4 *) _
o Tt Jdz* Ix* * Iy’ - dz*

where x* = x/d, y* =y/d, 7* = z/d, and Cx = C/Cy. Also note that Pey = ugEd /D and Pe, =
(U,)d /D represent the Péclet numbers in the x and z-directions. Next, the statistical moments of
the solute distribution can be determined when the nth moment of C* in the x —y plane can be
written as [53]:

(2.8)

1/2 poo

my, = / x* C*dx* dy” (2.9)
—1/2J—o

By multiplying Eq. 2.8 by x* and then integrating along the x* and y*-coordinates, it can be
written in terms of the nth moment. The differential equation is now simplified and can be
solved by applying the appropriate boundary conditions. The average position of the solute can
then be represented by m 1, while the normalized spatial variance of the solute can be represented
by o2 =m /mo — m% /m(z) [53]. As will be seen in the following discussion, this method of
moments formulation has been useful for understanding solute variance for a number of factors
seen in Eq. 2.4. Moreover, this theoretical work was in agreement with an experimental study on

sample stream bandwidth conducted by Fonslow and Bowser [37] [53].

Sample Injection Width

The sample injection width is a factor that can influence the width of the sample stream in FFZE.
This makes sense according to Eq. 2.3 because the lateral migration distance is relative to its
starting position, which can vary significantly if the injection width is large. Theoretically, the
variance for the sample injection width has been derived as [53]:

, &
Oinj = 15
where 6 represents the sample injection width. In general, sample injection width should be as

narrow as possible to minimize its contribution to dispersion, although this will reduce sample
throughput and is limited by the device fabrication constraints.

(2.10)

Molecular Diffusion

Molecular diffusion occurring in the direction orthogonal to the buffer flow can be a major con-
tributor to solute dispersion in FFZE. Theoretically, the peak variance due to molecular diffusion
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is written as [53]:
, _2DL

D = 777y

(Uz)

Note that this term is related to the residence time r = L/(U,), indicating that the solute distribu-
tion will continue to disperse as it migrates through the separation chamber.

(2.11)

Hydrodynamic Dispersion

Hydrodynamic dispersion is often the most influential source of peak broadening in FFZE. It
is related to the parabolic profile of the buffer velocity, as solute molecules located closer to
the top and bottom walls of the separation chamber will have a slower velocity than a solute
molecule located at the centerline (see Eq. 2.6) [53]. Therefore, the residence time of the solute
molecules will depend upon their position along the height direction, and this will affect their
lateral migration distance (Eq. 2.1) and the resulting peak width (see Fig. 2.1a). Theoretically,
this variance can be written as [53]:

_ $2d*(U,)

_ 2 2.12
OHD = T05pL (2.12)

where S = ugEL/(U,) represents the lateral migration distance. Note the presence of the diffu-
sion coefficient, which is related to the interplay between the parabolic velocity profile and the
molecular diffusion along the height direction. The derivation of Eq. 2.12 assumes that the resi-
dence time is much greater than the characteristic diffusion time across the gap between parallel
plates, and therefore is only valid when the solute distribution resembles a Gaussian distribution
[53]. This is not necessarily the case at the preparative scale due to the larger Péclet numbers, as
solute distributions in the x — y plane have been noted as having a crescent shape that matches the
parabolic velocity profile. The method of moments formulation becomes more complicated in
this scenario, although there have been some alternative approaches to modeling this behaviour
[55].

Electrodynamic Dispersion

Electrodynamic dispersion is another influential source of peak broadening in FFZE that can pro-
duce the aforementioned crescent shape. It is related to the electroosmotic flow (EOF) across the
chamber, which is generated due to the electric double layer at the chamber walls [56]. Although
EOF has a relatively flat velocity profile, it gets blocked or partially blocked at the sidewalls, and
produces a pressure-driven backflow (see Fig. 2.1a) [39] [38]. The resulting velocity profile is
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also parabolic in nature, and it alters the lateral velocity in Eq. 2.7 to [54]:

3 4y
Uy = ugE (1— > (l— dz)) (2.13)

where o represents the fraction of electrokinetic flow that is blocked at the sidewalls. Note that
also alters the lateral migration distance to S = ugE (1 — @)L/(U,). Interestingly, when updating
the method of moments formulation with Eq. 2.13, it simply alters the hydrodynamic dispersion
term as follows [54]:
o2 _ S

105(1 — a)2DL
and there is no additional term for GéD in Eq. 2.4. This result suggests that there is an interplay
between the parabolic velocity in both the x and z-directions which can alter the residence time
and the resulting dispersion. If the competing parabolic profiles produce a counteracting crescent
distortion, then the GEID term is reduced, but if the crescent distortions are in the same direction,
then GI%D term is increased. Consequently, measuring EOF and the resulting backflow becomes
important for estimating the solute distribution in FFZE [54].

(2.14)

Joule Heating Induced Dispersion

Joule heating induced dispersion is a common issue in FFE that is difficult to model because it
can have an influence on a number of experimental parameters including electrophoretic mobil-
ity, molecular diffusion, ionic current, buffer viscosity, and local density gradients. Fortunately,
Dutta has modeled most of the relevant factors at the analytical scale using a method of mo-
ments formulation. The temperature difference along the height direction from the centre of the
chamber to the wall can be written as [57]:

AoloE*d?

AT = —— 2.15
’ (2.15)

where I is the ion concentration in the buffer, and Ay and k are the ionic and thermal conductivity
of the buffer at T = 25°C (wall temperature), respectively. The temperature, 7', along the height
of the chamber is then approximated as a parabolic profile [57]:

T — T() 1—4y
AT 8cos(y/arAT/2)

where a7 = 0.025 K~! is the thermal expansion coefficient (for water). The convection-diffusion
equation seen in Eq. 2.7 can then be rewritten as [57]:

ac ac aC 0’Cc 9 ac 2%C

+O(AT?) (2.16)
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where 1) is the viscosity of water at 7y = 25°C and 7 is the temperature dependent viscosity that
varies along the height direction. Note that D is temperature dependent along the y direction in
this formulation, as is U, due to its dependence on viscosity. Also note how the electrophoretic
velocity is dependent on viscosity, whereas the electroosmotic velocity remains constant when
the Debye layer is much smaller than the chamber height [57]. Solving Eq. 2.17 provides a
closed-form expression for GJZH that is related to the temperature dependence of molecular dif-
fusion and hydrodynamic dispersion. While there is an increase in molecular diffusion in the
x-direction, interestingly, Joule heating reduces hydrodynamic dispersion because the increased
diffusion along the height direction lessens the impact of the parabolic flow profile [57]. Al-
though this implies that Joule heating can reduce dispersion when GPZID is the dominant term, it
should be interpreted with caution as Eq. 2.17 does not account for natural convection which
may arise due to Joule heating at the preparative scale. In this scenario, the Grashof number can
be written in terms of temperature as [52]:

_ gpParATd?

Gr le

(2.18)

where o is the thermal expansion coefficient, and this equation can be used in Eq. 2.5 to predict
the influence of natural convection. It should be noted that there have been additional models for
studying temperature effects in FFE [58] [59] [60] .

Electrohydrodynamic Dispersion

Electrohydrodynamic dispersion is another factor in FFE that was originally modeled by Rhodes
et al. [61]. It is related to conductivity gradients that may exist between the sample stream and
the background electrolyte, as this distorts the local electric field and produces a shear stress on
the liquid (see Fig. 2.1b). If the sample conductivity is greater than that of the buffer, then the
solute distribution will spread in the direction parallel to the electric field [38]. On the other
hand, if the buffer conductivity is greater, then the solute distribution spreads perpendicular to
the electric field [38]. In general, this form of broadening is avoided in FFZE provided that the
sample is prepared with a conductivity that is similar to the separation buffer [39]. However, it
may occur in other separation modes such as FF-IEF, where the sample stream is concentrated
by the focusing mechanism [41].

Other Dispersion Sources

Another form of dispersion that was frequently addressed in the older preparative scale devices
is sedimentation due to high concentrations of solute [38]. Once again, a modified Grashof
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number can be used to estimate the influence of the density gradient due to local variations in
concentration [52]:

_ gp*ocACd’
= ;
where ¢ is the density coefficient for species C. Typically, sedimentation becomes an issue
when the chamber height is in the millimeter range and the solute concentration is greater than
7 g/L [38]. In addition, high protein concentrations can lead to interactions with other proteins,
and this can also reduce the separation resolution [62]. More recently, the method of moments
formulation by Dutta has provided additional sources of dispersion for consideration. For one,
there is an orientation factor that accounts for the fact that the sample stream is deflected at an
angle in to the x-axis in FFZE [53]. Another interesting study investigated the dispersion due
to gradients in buffer velocity across the width of the chamber due to unwanted variations in
channel geometry [63].

Gr (2.19)

Optimizing Resolution and Bandwidth

As mentioned previously, having the ability to estimate the location (x;) and width (o;) of the
ith solute distribution is helpful for predicting the separation resolution, which can be written as

follows for Gaussian peaks [37]:
X1 — X2
Ry=———"— 2.20
At the analytical scale, the peak width is mostly influenced by molecular diffusion and hydrody-
namic dispersion [53]. Typically, one term is more dominant than the other, and there exists an

ideal buffer velocity where the sum of these two terms is minimized [54]:

252D\ DL(1 — a)?
Uopt:\/IOS(zDL+ L) (1-a) 221

§2d?

2.1.3 Separation Modes

Until this point the discussion on FFE has been mainly focused on FFZE (see Fig. 2.2a), and
it was seen that this technique has many sources of dispersion that can significantly hinder the
separation resolution. Therefore, advanced separation modes are often employed in FFE to im-
prove the performance, and these methods often leverage some kind of focusing mechanism to
counteract dispersion.
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Figure 2.2: Common separation modes in FFE: a) FFZE, b) FF-1EF, c) FF-ITP, d) FF-FSE [19].

Free-Flow Isoelectric Focusing

Free-flow isoelectric focusing (FF-IEF) is a separation mode that relies on a pH gradient across
the separation region (see Fig. 2.2b). In general, proteins will migrate across this gradient until
they reach a position where their net charge is zero, and this is known as the isoelectric point
(pD) [46]. In terms of solute dispersion, FF-IEF has several advantages over FFZE. Most no-
tably, diffusing molecules will return to their pl for a self-sharpening mechanism that improves
resolution and sensitivity [50]. Furthermore, analytes will migrate to their pI regardless of their
initial starting position, and this provides more flexibility with the sample injection width [50].
Finally, the focal position is unaffected by the parabolic velocity profile of the carrier medium,
and therefore FF-IEF will not suffer from hydrodynamic broadening as long as the solute has
sufficient time to focus [42]. With that said, electrodynamic dispersion is still an issue if EOF is
not suppressed, and this phenomenon has also been modeled by Dutta [43].

Despite the promise of FF-IEF, there are many practical concerns that limit its applicability.
First, the carrier ampholytes needed to generate the pH gradient are expensive, and they can
contaminate the purified samples [47]. The latter issue is especially problematic when using UV
detection or coupling FFE to mass spectroscopy, as the carrier ampholytes can interfere with the
signal [64]. Furthermore, carrier ampholytes can bind to proteins in a manner that is difficult
to reverse, and likely alters its properties [47]. Second, some proteins experience long focusing
times because their net charge around the pl is low, and this is not ideal for the continuous nature
of FFE [44]. Compounding this problem is the fact that carrier ampholytes also take time to
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generate the pH gradient [41]. Third, the benefits of the focusing mechanism can be negated by
the high concentrations that it generates, as this can lead to sedimentation in free solution [45].
Moreover, the neutral charge at the pl can create local gradients in conductivity and temperature,
and this causes eletrohydrodyanamic dispersion and natural convection [45] [65]. Fourth, many
proteins have poor solubility at the pI due to their neutral charge at that point, and this can also
result in unwanted dispersion [42]. Finally, FF-IEF is often limited to the separation of proteins
and peptides, as other potential solutes will not necessarily have a well-defined plI [48].

In recent decades, there have been efforts to mitigate the drawbacks of FF-IEF, and it has
become the most popular FFE mode due to its high resolution. For example, the separation
medium has been optimized to generate a gradient over a wide pH range, speed up the focusing,
improve the solubility of proteins, and limit their interactions with harmful carrier ampholytes
[42] [47]. With that said, the focusing times still require several minutes, and the initial sam-
ple concentration must be low to avoid precipitation and steep local gradients [42] [41] [22].
Combined, both of these factors limit the throughput. In another example, Bier developed an
apparatus that continuously recycled the sample through the separation chamber, and this was
designed to address the slow focusing and Joule heating issues in FF-IEF [45]. Interestingly,
the residence time was significantly reduced due to the high flow velocities and a short chamber
length, and this helped prevent eletrohydrodyanamic dispersion and natural convection at high
electric fields (see Eq. 2.5) [65]. Although this technique was operated in batch mode, it could
achieve preparative scale quantities, and had some commercial success.

Finally, FF-IEF has also been employed at the analytical scale, and the reduced length scales
enabled faster separations and eliminated the concern of natural convection. For example, the
initial microfluidic devices by Xu et al. [66] and Kohlheyer et al. [67] focused samples within
seconds and provided high resolution separations. After that, there were some interesting new
chamber geometries proposed, including a cascaded design with steep and shallow gradient re-
gions to improve resolution [68], as well as a triangular design that aimed to increase throughput
[69]. In addition, there have been some alternative techniques proposed for generating a pH gra-
dient, including the immobilization of carrier ampholytes to a supporting media [70], as well as
a bipolar membrane strategy that offered speed and versatility [71].

Free-Flow Isotachophoresis

Free-flow Isotachophoresis (FF-ITP) is another powerful focusing technique that has been used
in FFE (see Fig. 2.2¢). For this mode, the separation region consists of a leading electrolyte
(LE) zone with a high mobility, and a trailing electrolyte (TE) zone with a low mobility. This
generates an electric field gradient, and forces solutes with an intermediate mobility to stack at
the interface [40]. Like FF-IEF, this produces a self-sharpening mechanism that can reach high
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concentrations, but it requires long focusing times to separate solutes with a similar mobility.
One solution to reach a faster steady state involved introducing a counterflow across the chamber
[44], and this was improved further by operation in a recycling mode [65]. However, it remains
challenging to isolate solutes that are stacked side-by-side, and it is often difficult to find a spacer
that can help increase the separation distance [72]. Nonetheless, FF-ITP has been used for some
preparative scale applications [22]. More recently, this mode has also been employed at the
analytical scale, and the microfluidic device was able to focus the target analyte within seconds
[73]. Interestingly, the concentrated zone did not contain any additional buffer additives, and this
enables direct coupling with mass spectroscopy [72].

Free-Flow Field Step Electrophoresis

Free-flow field step electrophoresis (FF-FSE) is a practical method for increasing the concentra-
tion of solutes in FFE (see Fig. 2.2d) [22]. In this technique, the separation region consists of
multiple buffers with different conductivities. The sample stream begins in the low conductivity
buffer, and it will migrate with a high electrophoretic velocity until it reaches the high conduc-
tivity buffer and decelerates [31]. As a result, the solute will focus at this electric field step, and
this has been used in some preparative scale applications to increase the concentration of a target
analyte [62]. However, there does not appear to be many examples where FF-FSE is used to
isolate multiple solutes from complex mixtures because there tends to be a stacking effect at the
buffer interface. That said, there have been a few FF-FSE devices reported at the analytical scale
[19], and one technique implemented a linear conductivity gradient across the separation region
in an effort to focus multiple analytes at different locations [74].

Interval Free-Flow Zone Electrophoresis

Interval FFZE is another operation mode that has been used at the preparative scale, and its main
purpose is to eliminate the hydrodynamic dispersion that is prominent in FFZE [75]. In this
technique, the first step is to load the sample stream along the length of the chamber. Then, the
pressure-driven flow is stopped, and an electric field is applied to allow the charged solutes to
migrate across the separation region with a velocity that is determined by their mobility. Finally,
the electric field is removed, and the pressure-driven flow is reintroduced to collect the separation
fractions at the outlet. Altogether, interval FFZE provides a higher separation resolution than
traditional FFZE because the parabolic flow profile no longer influences later migration [76].
Although this method is not operated continuously, the commercial device has demonstrated
protein fractionation in large quantities, and serves as a versatile alternative to the popular FF-
IEF [77].
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Other Modes

There have also been some new FFE modes proposed in recent years that deserve mentioning.
First, there is a technique that relies on a temperature gradient to alter the conductivity across
the separation region. Consequently, the electrophoretic velocity will vary along the gradient,
and this allows analytes to focus at a position where it is counterbalanced by EOF [78]. This
mode is known as free-flow temperature gradient focusing (FF-TGF), and more information on
the mechanism can be found in Section 2.2. Second, there is a technique that leverages the ion
concentration polarization (ICP) effect that emerges when a cation selective membrane (Nafion)
is used to isolate an electrode compartment from the separation region [79]. In ICP, there are
enriched and depleted ion zones due to the selectivity of the membrane, and this generates a
conductivity gradient across the separation region. As a result, this free-flow ion concentration
polarization focusing (FF-ICPF) mode is similar to FF-TGF, although the gradient tends to be
steeper and localized at the edge of the depletion region. Finally, a technique known as free-flow
affinity electrophoresis has been demonstrated, and it consists of high mobility ligands that bind
to target peptides and increases the separation distance relative to other solutes for improved
resolution [80].

2.1.4 Practical Considerations

At this point, it is clear that FFE is a complicated system that depends on a number of factors,
and it is easy for the separation resolution to deteriorate during operation. For example, it can
be difficult to mitigate the effects of electrolysis, stabilize the flow, control temperature, collect
the sample fractions, and optimize the contents of the buffer solution. Consequently, FFE has
seen significant development in recent decades in order to reduce the technology to practice.
This is true at both the preparative scale and the analytical scale, and therefore this section will
provide a brief overview of the practical challenges that deserve consideration when designing
and operating an FFE system.

Preparative Scale

The development of preparative scale FFE began in 1960 [26], and by the late 1990s robust
experimental protocols had been established for commercial purposes [42]. A schematic of the
entire apparatus can be seen in Fig. 2.3, and it can be used for a number of different operation
modes [29]. The dimensions of this device are typically 50 cm x 10 cm x 0.4 mm [81], and
this is achieved by clamping a spacer between two plastic plates [28]. Note that the chamber
height defined by the spacer can vary between 0.05 and 1 mm, and is chosen by considering
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Figure 2.3: Schematic of the preparative scale apparatus that is operated in FF-IEF mode [81].

factors like sample throughput and dispersion [39]. At this scale, peristaltic pumps are used
for the sample and separation buffer because they can process large volumes. For the electric
field, electrode compartments are located on each side of the chamber, and they are isolated
from the separation region using membranes that are ion conductive but impermeable to fluid
flow. These membranes are critical to the design because they help prevent electrolysis products
such as bubbles and pH changes from entering the separation region. For additional measure,
the electrode compartments are constantly replenished with fresh buffer solution, and margin
buffers with high ionic concentrations flow along the sides of the separation region to suppress
pH changes at the membrane [29]. Note that these margin buffers can also reduce the effects of
ion concentration polarization (ICP) [82], which is inherent to most ion exchange membranes
because of their charge selectivity [59].

There are many additional strategies that can improve device performance. For example, pul-
sations from the peristaltic pump often affect the flow stability, and these can be reduced with a

21



(a) the velocity varies across (b)
!] the height of the device

Carrier Carrier

Carr_ier ; fluid ,,
fuid )
-~ \\
w Wy W W,

Figure 2.4: a) Standard sample injection. b) Wall-free sample injection [84].

gas cushion injector [83]. Second, the device should be mounted on cooling plates to limit the
effects of Joule heating, as this has been shown to reduce the temperature within the separation
region to 11.5°C [29]. Furthermore, the entire device can be tilted for an upward flow that limits
the effects of potential density gradients [82]. Third, it is possible to restrict the sample input
along the height direction for a wall-free injection, and this helps prevent dispersion caused by
the parabolic flow profile and the temperature gradient (see Fig. 2.4) [29] [84]. Fourth, various
additives can be included in the buffer solution to limit protein interactions, improve solubility,
or alter the viscosity [85]. Most importantly, dynamic wall coatings such as hydroxypropy-
Imethylcellulose (HPMC) are used to suppress EOF and minimize electrodynamic dispersion
[29]. Finally, sample collection through different outlet tubings can be challenging due to vari-
ations in viscosity, bubble formation, and undesired pressure fluctuations, and this can affect
the fluid flow upstream [29] [86]. This problem can be solved with a multichannel peristaltic
pump that sets a fixed outflow rate through each tubing [87] [88], and more recently a negative
pressure collector has also been explored [86]. In the commercial instruments, a counterflow at
the end of the separation region is used to make the outflow more uniform (see Fig. 2.3), and
this strategy provides better long-term stability than the peristaltic pumps [89]. Note that this
counterflow method also provides the option of altering the outflow media to help prepare the
separated fractions for further processing [29].
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Analytical Scale

Analytical scale uFFE devices use much smaller dimensions because throughput is less impor-
tant, and the chamber height typically ranges from 10 to 100 um. At these length scales, the
current is reduced, there is better heat dissipation, and issues related to density gradients and
flow stability become much less significant (see Table 2.1) [36]. Moreover, the smaller volumes
enable the use of syringe pumps which tend to experience less pulsations. With that said, working
at this scale introduces new challenges that are mostly related to device fabrication and electrode
integration. In terms of fabrication, devices made from glass offer robust performance due to
their rigidity and stable surface properties, but etching the channels and bonding the substrates
can be complicated and expensive [90] [36]. As an alternative, polydimethylsiloxane (PDMS)
devices made from standard soft lithography techniques are commonly used for prototyping, but
they have poor structural integrity and inconsistent EOF behaviour [91] [21]. More recently,
strategies involving the lamination of a double-sided spacer tape between two polymethylmetha-
cyrlate (PMMA) substrates have been employed, as this material combines the benefits of glass
with the convenience of PDMS [92] [36] [88]. Similarly, devices made from injection molding
[93] and 3D printed materials [94] have also been explored. However, one drawback of these
hard plastic substrates is a reduction in fabrication quality at the microscale [95].

In uFFE devices, the need to integrate electrodes and isolate their electrolysis products from
the separation region becomes much more challenging (see Fig. 1.2b). The initial strategy was
to use microchannels to connect electrode chambers to the separation chamber, but their high re-
sistance limited the electric field across the separation region [30]. Since then, numerous alterna-
tives have been proposed to improve voltage efficiency, and they have been reviewed extensively
[19] [35] [21] [36]. Briefly, one successful technique involved the polymerization of ion perme-
able gel membranes along the sides of the separation region, although there were some concerns
related to their long-term mechanical stability [96]. Another method removed the membrane, and
used deep electrode channels adjacent to the separation region to purge the electrolysis products
without disrupting the separation [90]. Since then, a similar technique involving partition bars
has been proposed to reduce the need for precise flow control [91]. More recently, commercial
track-etched porous membranes have been used to isolate the electrode compartments, and this
is a practical option that resembles the preparative scale FFE devices [31].

2.1.5 Applications

Although this work focuses mainly on developments in FFE related to physical modeling and
technical design, it is important to review some of the promising applications in this area. In
general, FFE is often used for proteomics research, and is especially useful for sample prepara-
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tion prior to mass spectroscopy. Therefore, it is helpful to briefly define proteomics and mass
spectroscopy before this section begins. Proteomics involves the pursuit of understanding com-
plex biological networks at the molecular level, and it includes the study of protein-protein in-
teractions, protein modifications, protein function, and protein location within cells [7]. Mass
spectroscopy (MS) is a tool that is critical to proteomics research due to its ability to identify and
quantify proteins [97]. In general, MS works by ionizing the peptide fragments that make up a
protein, and then separating them in an electric field according to their charge to mass ratio. Af-
ter that, the resulting spectral information can be related to the amino acid sequence of a protein
[98].

Protein Purification

FFE has always exhibited the potential for high throughput protein purification due to its contin-
uous nature, but the prominent dispersion sources significantly hindered its separation resolution.
This is especially true for FFZE, and by the 1970s other techniques like chromatography became
the separation method of choice [99]. However, FFE remained useful for samples that were
prone to irreversible adsorption, sedimentation, or denaturation [99]. In the last few decades, the
commercial devices have been used for two noteworthy applications that are related to sample
preparation prior to MS [100]. First, FFE is used to isolate organelles such as mitochondria and
Golgi membranes, and then MS analyzes their proteins [101]. The FFE step is helpful because
it gives information about the location of the proteins within the cell. FFZE is often used for
this application due to its gentle separation conditions, and dispersion is likely limited due to
the low diffusion coefficients of the organelles. Second, FF-IEF is used for the high resolution
separation of complex samples prior to MS, as this step can help remove abundant proteins for
improved sensitivity, and provide information about the pI of the protein [102] [103]. More
recently, an interesting FF-IEF application has been proposed to help isolate and characterize
the charge variants of monoclonal antibodies [104] [105]. This information is of interest to the
pharmaceutical industry during manufacturing, and FF-IEF is the preferred method because the
traditional capillary isoelectric focusing (cIEF) has difficulty collecting sufficient quantities of
the separated protein prior to MS.

Direct Coupling to Mass Spectroscopy

Since FFE is frequently used for sample preparation prior to MS, there have been efforts to im-
prove this process by directly coupling these instruments at the analytical scale (see Fig. 2.5a). In
an early example, FFE was used as an intermediate step between cIEF and MS, and its purpose
was to remove the carrier ampholytes following cIEF because they are harmful to the MS signal
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Figure 2.5: a) A uFFE device directly coupled to mass spectroscopy (MS) [32]. b) Nanoliquid chro-
matography (nLC) directly coupled to pFFE with laser induced fluorescence (LIF) detection for multidi-
mensional analysis [109].

[106]. The analysis of model proteins was achieved, although the direct coupling of cIEF and
FFE can lead to unwanted backflow. Similarly, FFE was used to remove sodium dodecyl sulfate
(SDS) from a sample, as this additive is commonly used in separation buffers and can also dam-
age the MS signal [107]. In another example, a uFFE device was coupled with a nanospray MS
emitter for the detection of trace analytes, and downstream microchannel networks were helpful
for preparing the sample for MS [32]. Note that multiple analytes sequentially ran through the
emitter by manipulating the flow rates in the pFFE chamber. This process was also achieved us-
ing FF-ITP, and the focusing mechanism was able to concentrate and purify the sample streams
prior to MS [72]. For an additional improvement, a switching valve can be added between the
UFFE and the MS device to avoid manipulating the flow upstream [88]. Finally, a uFFE device
has demonstrated the transfer of a peptide from a complex sample to a solvent that enhances the
MS signal [108].

Real-Time Monitoring

The continuous nature of FFE offers the potential for real-time monitoring, and this is especially
true at the analytical scale because of the reduced sample volumes and online detection systems
that can view the entire separation region [36]. For example, uFFE has been used to study bioas-
says that dynamically change their experimental conditions. In one study, the concentration of
cyclodextrin in the separation buffer was varied over time to monitor its impact on the separa-
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tion of different amino acids [110]. In another study, ligand-aptamer complexes were separated
from unbound aptamers, and the concentration of ligand was increased over time to measure the
binding affinity [34]. Combined, these experiments provided convenience and high throughput
analysis, and demonstrated that uFFE can be a powerful tool for studying protein interactions in
dynamic systems. Moreover, Dutta has recently extended the method of moments formulation to
model these free-flow affinity assays and gain additional information about the binding kinetics
[111]. Moving forward, a real-time monitoring UFFE device could also be used for analyzing
samples in a clinical setting, or for quality control during industrial processes, but this is an area
that is yet to be explored [35].

Multidimensional Analysis

One of the main challenges in proteomics is the fact that proteins have an incredibly wide range
of properties and abundances [81]. As a result, complex mixtures often require several rounds
of processing to isolate and analyze proteins of interest. Traditionally, FFE has been well-suited
for this application because separated fractions remain in solution and can be easily transferred
to other separation methods. For example, FF-IEF has been used in combination with reversed-
phase high-performance liquid chromatography (RP-HPLC), and this provides information about
the pl and relative hydrophobicity of the proteins [81]. Recently, this multidimensional analysis
has been explored at the analytical scale due to its reduced sample volumes and ability for direct
coupling with different separation techniques. Usually, uFFE is used as the second dimension
because of its high sampling rates, as this helps maximize peak capacity and reduce the overall
analysis time [36]. So far, uFFE has managed to successfully perform two dimensional separa-
tions with nanoliquid chromatography for the analysis of bovine serum albumin tryptic peptides
(see Fig. 2.5b) [33] [109]. Likewise, capillary electrophoresis has been coupled to the sample
injection of UFFE, and although the only source of orthogonality between the two separation
modes was a change in pH and cyclodextrin concentration, it helped demonstrate the potential of
UFFE as a powerful tool for multidimensional analysis [112].

2.2 Counterflow Gradient Focusing

The purpose of this section is to review a technique known as counterflow gradient focusing,
which was originally proposed for preparative scale applications, but eventually gained traction
as a promising separation mode in capillary electrophoresis [51].
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Figure 2.6: A plot of the electrophoretic velocity gradient, the bulk flow velocity, and a combination
of the two. The zero-velocity point occurs where the electrophoretic velocity and bulk flow velocity are
counterbalanced [48].

2.2.1 Introduction

Capillary electrophoresis (CE) is a powerful analytical technique that is often recognized for its
contribution to the human genome project [113]. In the traditional capillary zone electrophoresis
(CZE), analytes migrate through the capillary with a velocity that is determined by their elec-
trophoretic mobility [114]. Similar to FFZE, this technique has a number of shortcomings that
limit its resolution and sensitivity. For one, the width of the separation bands depends on the ini-
tial sample injection pulse, and significant efforts have been made to concentrate this initial zone
[114]. Second, molecular diffusion causes the width of analyte zones to continuously disperse as
they migrate through the capillary [50]. Third, analytes with similar mobilities can require long
capillaries to fully resolve, and this is not ideal for the many analytical applications that demand
miniaturization and portability [50].

The aforementioned issues have been addressed by introducing equilibrium gradient methods
(EGMs) to CE. Originally termed by Giddings, EGMs introduce a gradient along the separation
region to focus analytes at equilibrium positions where their net velocity is zero [49]. In essence,
this gradient acts as a restoring force, which allows analytes to concentrate rather than disperse.
Furthermore, analytes will reach their equilibrium position regardless of their initial starting
point, and this eliminates the concern for narrow injection widths and long capillaries [50]. The
most popular EGM in CE is capillary isoelectric focusing (cIEF), which can achieve high reso-
lution separations with a low detection limit [115]. In cIEF, the gradient is defined by the pH,
and electric forces cause analytes to separate and focus at the pH where their net charge is zero.
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However, this equilibrium position, which is commonly referred to as the isoelectric point (pl),
is not always well-defined, and some analytes have poor solubility in this state [116]. Moreover,
the carrier ampholytes required to generate the pH gradient are expensive, and their pH range is
often limited to values between 3 and 10 [48].

The limitations of cIEF motivated researchers to explore alternative EGMs that can be ap-
plied to CE. This led to the emergence of counterflow gradient focusing, which introduces a
bulk solution flow to oppose electrophoretic migration [48]. If one or both of these transport
mechanisms vary across the separation region, then analytes will focus at a position where the
electrophoresis is counterbalanced by the fluid flow. An example of this mechanism is provided
in Fig. 2.6, where it is seen that an electrophoretic gradient produces the zero-velocity point
[48]. This position depends on electrophoretic mobility, and therefore different analytes can be
separated and focused along the gradient. Many strategies have been proposed to generate this
velocity gradient, and they will be discussed during the remainder of this section. Interestingly,
the first apparatus that employed this counterflow gradient focusing (CGF) method was intended
for preparative scale applications [117], and in the early 1990s there was a brief overlap between
CGF and FFE [118] [119] [120].

2.2.2 Modeling Counterflow Gradient Focusing

The focusing mechanism for electrophoretic EGMs is best understood with the help of the linear
flux equation [116]:

d
Ny = —Dd—i + (uy + pppEx) ¢ = 0 (2.22)

where N, is the molar flux in the x-direction, D is the diffusion coefficient, c¢ is the solute con-
centration, u, is the average fluid velocity in the x-direction, ugp is the electrophoretic mobility,
and E is the electric field in the x-direction. Note that the term in brackets represents the total
velocity of the solute, and at least one of the terms within should vary along the x-direction to
generate the gradient. Then, the focal point is represented by the x-position where the two ve-
locity terms are equal in magnitude but opposite in direction. At this point, an equilibrium exists
between diffusion and the gradient restoring force, and this will determine the peak width. A
closer look at the flux equation helps guide the design of the gradient [116]:

d I
N, = —Dd—c 4 (ux —|—za)—x) c=0 (2.23)
X -

where z is the solute charge, w is the absolute solute mobility, I, is the current density, and o, is
the conductivity. As a result, there are several parameters that can be tuned to generate a velocity
gradient. In the early preparative scale designs, u, was usually the variable term [118] [119]
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[120], but more recently it has been either I, or o, [48]. Specific strategies for varying these
terms in practice will be provided in Section 2.2.3.

In many cases, the u, is generated by pressure-driven flow in a capillary, and the resulting
parabolic flow profile will have an impact on solute dispersion. This phenomenon has been mod-
eled by Ivory when there is an electric field gradient, and the steady-state convection-diffusion
equation can be written as [121]:

d 1, d DI Jdc d%c
yx |:<I/tx’max (E —r )) C:| — a [(‘LLEPFX)C] = 751"5 —f—Dw (224)

where r is the radial coordinate of the capillary, uy ;. 1S the maximum velocity in the capillary,
and F represents the counteracting force generated by the electric field gradient. Note that this is
assumed to be a linear gradient that is not influenced by focused solutes. Also, note that Eq. 2.24
is in a shifted coordinate system that focuses the solute at x = 0, and accounts for electroosmotic
velocity [121]. The dimensionless form can be written as:

* 2 %
Pe (l—r*z) o =Gy J (x*c*) = L 9 .9¢ +8 ¢ (2.25)
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where x* and r* scale with the capillary radius (a), and ¢* is relative to the initial concentra-
tion. Also, Pe = uy yqva/D is the Péclet number for the counterflow, Gy = ,LLEPFa2 /D is the
dimensionless number representing the counteracting gradient force. Like the FFE models seen
in Section 2.1.2, Eq. 2.25 can then be solved using a method of moments formulation to estimate
the dispersion, and this derivation was also applied to the dimensions of a microchannel [121].
The result is similar to the well-known Taylor-Aris dispersion, which describes the evolution of
a solute pulse that is subject to the parabolic velocity profile of flow through a tube [122] [123].
However, Ivory highlights a subtle difference in EGMs due to their ability to reach a steady-state
[121].

2.2.3 Separation Modes

Now that the underlying mechanism for CGF has been established, this section will look at some
of the many strategies that has been used in practice to generate the gradient.

Fluid Velocity Gradients

As mentioned previously, many of the early CGF designs managed to generate a gradient in the
counterflow velocity. The first instance by O’Farrell in 1985 consisted of a column packed with
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two layers of resins that differed in terms of size exclusion [117]. This created a steep gradient
in apparent solute velocity at the interface when a buffer flow was introduced, and charged pro-
teins could stack here if electrophoretic migration occurred in the opposite direction. In a second
example, Giddings proposed crossflow gradients along the height direction of a thin channel,
which would allow charged solutes to form hyperlayers in the presence of electrophoresis [124].
However, in practice there were difficulties finding a permeable wall material that could gener-
ate a uniform crossflow throughout the channel. For an example that is related to FFE, Ivory
implemented a recycling FFZE mode that altered the outflow conditions to create a crossflow
at the recycle-feed port. This allowed a protein with an opposing electrophoretic velocity to
focus in this region while other proteins from the mixture were removed [118]. In another exam-
ple, Culkin [119] and Egen et al. [120] patented similar strategies that used porous membranes
to divide the separation chamber into subcompartments. Then, by withdrawing a fraction of
fluid flow from the outlet of each subcompartment, a velocity gradient can be created across the
chamber (see Fig. 2.7a). As a result, charged solutes can focus in the subcompartment where
their electrophoretic velocity is counterbalanced by the crossflow gradient.

Electric Field Gradient Focusing

Electric field gradient focusing (EFGF) by Koegler and Ivory was one of the first methods to
generate a gradient in electrophoretic velocity [127]. In this method, a current density gradient
was created by varying the inner cross-sectional area of a Plexiglas cylinder. Within the cylinder
was a dialysis tubing, and this contained the counterflow and the sample. For miniaturization,
this form of EFGF was also implemented with a microchannel that was enclosed by an ion con-
ductive polymer whose cross-sectional area varied along the length of the separation region [128]
[129]. Although this device could achieve high concentration factors, resolution was restricted
by a number of factors, including unreliable ionic transport through the conductive membrane,
local variations in EOF, and Taylor dispersion [130] [131]. To improve upon these issues, a mi-
crochannel packed with a poly(ethylene glycol)-fictionalized monolith was able to suppress both
EOF and Taylor dispersion [132]. In addition, the ionic transport was improved by removing
impurities from the polymer matrix and shifting to smaller ions that could migrate more freely
[133]. Finally, this device operated in a scanning mode by adjusting the voltage over time, and
this allowed the focused peaks to sequentially elute from the microchannel [134].

Dynamic Field Gradient Focusing

In an alternative installment by Huang and Ivory, an electric field gradient was created by inter-
facing the separation region with an array of electrodes [135]. For this dynamic field gradient
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Figure 2.7: a) A free-flow CGF device divided into subcompartment using porous membranes [120]. b)
A TGF device operated in a scanning mode [125]. ¢) A DFGF with an electrode array along the bottom
of the chamber [126].

focusing (DFGF) apparatus, the voltage at each electrode can be adjusted throughout the sep-
aration for added versatility. For example, the device can be operated in a scanning mode to
sequentially elute analytes, or it can be tuned at specific regions for improved resolution. A
schematic of the device is shown in Fig. 2.7¢c, where it can be seen that a membrane is used to
isolate the separation channel from the electrode arrays, and this acts as a barrier for analytes that
are drawn to the electrode. In addition, it facilitates the removal of Joule heating and electrolysis
effects. Extensive work has been done to optimize the electrode regions, with an emphasis on
improving voltage efficiency, and reducing the steric and ionic exclusion around the membranes
[136] [137] [138]. In one scenario, the membrane was removed altogether, and a vacuum was
used to remove electrolysis bubbles [139]. There have also been studies devoted to performing
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DFGF at the microscale [140], as well as the preparative scale. For the latter, a rotor was used to
reduce axial dispersion, and mg quantities of proteins could be isolated [141] [142].

Conductivity Gradient Focusing

Greenlee and Ivory introduced a technique that generated the gradient by varying the conductivity
[143]. In the original apparatus, two parallel channels were separated by a dialysis membrane,
and ions migrated from the high conductivity channel to the low conductivity channel to setup
the gradient. Although this device received some additional interest [144] [145], it was limited
by the fact that the gradient was exponential, and therefore difficult to separate analytes. With
that said, some microfluidic devices have managed to leverage the ion concentration polarization
(ICP) effect to generate steep conductivity gradients and extremely high concentration factors
[146] [147]. In this format, ICP is typically achieved with an ion selective membrane [148] or a
nanochannel [149], and EOF is used to supply the counterflow.

Temperature Gradient Focusing

Temperature gradient focusing (TGF) was proposed by Ross and Locasio as a more effective
means of generating the conductivity gradient [150]. In this format, cooling and heating blocks
were located beneath a microchannel to create a temperature gradient from 10 to 80°C across the
separation region (see Fig. 2.7b). Meanwhile, the ionic strength of the buffer was temperature
dependent, and this is what helps create the conductivity gradient [151]. Interestingly, TGF
managed successful operation without the need to isolate the electrodes with a membrane, and
this helped avoid some of the issues that limited EFGF and DFGF. Furthermore, there have been
additional fabrication techniques proposed to miniaturize the temperature sources [152] [153]
[154]. Typically, EOF was used to supply the counterflow and limit Taylor dispersion, although
a pressure controller could be used to vary the flow with time and operate in a scanning mode for
increased peak capacity [125]. However, several models have been dedicated to understanding
the separation resolution in TGF, and found that the thermal effects can influence dispersion in a
number of ways [155] [156]. Additionally, concentrated peaks may lead to nonlinear interactions
in the system when the buffer concentration is low, and this can reduce resolution further [157].

Micellar Affinity Gradient Focusing

As an extension of TGF, micellar affinity gradient focusing (MAGF) has been proposed as an
alternative method. In this system, surfactants are added to the separation buffer to generate
micelles, and their affinity with different analytes is temperature dependent [158] [159]. As a
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result, the focal point of an analyte must now consider its retention factor with the micelle as
well as the electrophoretic velocity of the micelle itself. An important benefit of MAGEF is that it
can be applied to neutral and hydrophobic analytes in addition to charged species. Furthermore,
unlike TGF, the ionic strength of the buffer does not have to depend on temperature.

Bilinear Gradient Focusing

Finally, bilinear gradients have been used for several of the aforementioned techniques, and this
helps address a fundamental issue with gradient focusing methods [133]. Because the peak width
and resolution are both inversely proportional to the square root of the field gradient, the reso-
lution and peak capacity cannot be improved simultaneously. In other words, a steeper gradient
will create more focused peaks, but it will also bring them closer together. Sun et al. was the first
to implement a bilinear gradient in the EFGF mode, and it was done so by carefully designing
the cross-sectional area of the conductive polymer surrounding the microchannel [133]. In this
setup, the steep portion of the gradient was used to stack the analytes into narrow bands. Then,
by adjusting either the counterflow or the applied voltage, the analytes were sequentially intro-
duced to the shallow gradient for high resolution separations. Since then, bilinear gradients in
TGF [160] and MAGF [161] have also been demonstrated. Furthermore, a methods of moments
formulation has been used to derive a model for dispersion in bilinear gradients [162].

2.2.4 Applications

Many of the CGF techniques have demonstrated the separation of various analytes, including
proteins, DNA, and small molecules. With that said, there does not appear to be many notewor-
thy applications [48]. One possible explanation for its limited use may be due to the difficulty
of collecting analytes in their concentrated form, and then scaling this up to larger quantities.
Another reason may be the fact that CGF systems are much more complicated to design than
the traditional CE platforms. For example, the EFGF and DFGF devices required carefully
designed membranes to isolate the electrodes, and packed columns to limit Taylor dispersion.
Although TGF seemed to address these issues, the available buffers are limited by the need for
a temperature-dependent ionic strength, and the analytes must have good thermal stability. Fur-
thermore, the focused analytes may cause the electric field gradient to behave in a nonlinear
manner that affects the resolution.

Finally, an in depth analysis by Shackman and Ross in 2007 pointed out that other areas of CE
have seen significant developments that rival the resolving power and concentration enrichment
of CGF [48]. However, when scaling down to lab-on-a-chip systems capable of multidimen-
sional analysis, many of these advanced CE techniques add layers of complexity to the design.
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Therefore, CGF is favoured in this situation due to its unique ability to separate and concentrate
analytes in one step. This is especially true for multidimensional analysis, because CGF can fo-
cus peaks, and then allow them to sequentially transition to the second dimension for maximum
peak capacity. The potential for multidimensional analysis was also suggested by Ivory in a
similar 2007 review [50]. Unfortunately, since then there has been limited progress made in this
area [163], and perhaps this highlights the practical limitations of fully integrated lab-on-a-chip
systems in general.
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Chapter 3

Free-Flow Counterflow Gradient Focusing

The work included in this chapter is published: M. Courtney, E. Thompson, T. Glawdel, C.L.
Ren. Counterflow Gradient Focusing in Free-Flow Electrophoresis for Protein Fractionation.
Analytical Chemistry, 92 (2019), 7317-7324. [164]

Tomasz Glawdel (Adjunct Professor in the Department of Mechanical Engineering, Univer-
sity of Waterloo) came up with the idea of free-flow counterflow gradient focusing, and assisted
in the development of the physical modeling and device design. Ethan Thompson (Undergradu-
ate Student, Department of Nanotechnology Engineering, University of Waterloo) assisted in the
initial prototyping phase of the device design, and helped with the experimental setup.

3.1 Introduction

The purpose of this chapter is to introduce the concept of counterflow gradient focusing (CGF) to
free-flow electrophoresis (FFE). At this point, the FFE principle, and its potential as a powerful
tool for protein fractionation, should be clear (see Chapter 1). In addition, the limitations of FFE
in terms of dispersion and practical implementation have been described in detail (see Chapter
2.1.2 and 2.1.4). Furthermore, the advanced focusing mechanisms that can be applied to FFE
should be well understood, with an emphasis on free-flow isoelectric focusing (FF-IEF) and its
practical challenges (see Chapter 2.1.3). Finally, the concept of CGF, and its advantages over
FF-1EF should be noted (see Chapter 1 and 2.2).

In summary, this work presents a new free-flow counterflow gradient focusing (FF-CGF)
technique that introduces a counterflow at both sides of the chamber to produce a velocity gra-
dient that opposes electrophoretic migration. This FF-CGF method is similar in principle to the
focusing method in FF-IEF, but analytes focus based on electrophoretic mobility instead. Unlike
FF-IEF, FF-CGF provides versatility due to its simple buffer conditions, and it avoids many of
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the concerns associated with focusing solutes at their isoelectric point. This work will provide
a theoretical foundation FF-CGF as well as design guidelines, and then experimental validation
will follow. Next, recommendations for future technical and fundamental work will be proposed
for new opportunities in the field.

Before beginning, it should be acknowledged that there are several previous methods that
resemble the implementation of CGF in FFE. For example, Culkin [119] and Egen et al. [120]
proposed comparable strategies consisting of an FFE chamber divided into subcompartments
using porous membranes, and by withdrawing a fraction of fluid flow from each subcompartment
outlet, a counterflow was created across the membranes. Using a similar withdrawal technique,
Ivory altered a recycle zone FFE device to produce a counterflow by the recycle-feed port that
allowed a single analyte band to focus at the centre of the chamber while other analytes were
removed [118]. A single-band focusing chamber was also suggested by Rhodes and Snyder
using porous sidewalls that introduced a uniform counterflow through the chamber to counter
electrophoretic migration [165]. Finally, inspired by a technique previously developed in CE
[150], Becker et al. used a temperature gradient and an electroosmotic counterflow across an
FFE chamber to focus analytes [78]. Despite the potential of the aforementioned techniques,
most are limited due to either a complicated setup, membrane fouling, long focusing times, or
low peak capacities. Therefore, in this work, the proposed FF-CGF method is unique because the
FFE chamber can maintain its standard form without the need for subcompartments, and several
analytes can separate and focus across the chamber simultaneously.

3.2 Modeling Free-Flow Counterflow Gradient Focusing

The goal of this section is to describe the concept of focusing in FF-CGF, derive analytical
equations for the fluid flow and solute transit, provide a strategy for numerical simulations, and
offer design guidelines for generating a uniform gradient along the length of the chamber.

3.2.1 Focusing Mechanism

For a general FF-CGF mechanism, consider an FFE chamber with the electric field (E) applied
in the x-direction (see Fig. 3.1a). The analytes will migrate across the chamber with an elec-
trophoretic velocity (ugp) that depends on its electrophoretic mobility (Lgp):

ugp = UgpE (3.1)
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Figure 3.1: a) An FFE chamber with a counterflow introduced through the sidewalls to produce a velocity
gradient in the x-direction, with b) a close-up view of the two sample analytes, blue and red, focused in

the velocity gradient according to their electrophoretic velocity. ¢) A cross-sectional view of the velocity
gradient in the FFE chamber.

If a liquid counterflow is introduced to oppose electrophoretic migration, the total velocity of the
analyte in the x-direction (u7) can be written as:

ut = ugp + (u) (3.2)

where (u) is the area-averaged velocity of the counterflow in the x-direction, and can be due to
pressure-driven flow, electroosmotic flow (EOF), or a combination of the two [150]. When one
or both velocity terms in Eq. 3.2 are made to vary along the x-direction, there will be a unique
x-position where they are equal in magnitude but opposite in direction (see Fig. 3.1b) resulting
in a zero ut. This equilibrium point depends on ugp and is therefore unique to different analytes.
As these analytes are focused, they will simultaneously be transported towards the outlets due to
the z-velocity component of the sample flow, which is perpendicular to E.
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3.2.2 Counterflow Gradient

The proposed FF-CGF mechanism has a gradient in (u) across the chamber while ugp is constant.
The gradient in (u) will be produced by introducing a pressure-driven counterflow from both
sidewalls of the FFE separation chamber (see Fig. 3.1a). As the counterflow moves incrementally
towards the center of the chamber with a given x-velocity, a fraction will be converted into z-
velocity and move towards the outlets. Consequently, the x-velocity of the counterflow will
decrease until it reaches the center of the chamber. This counterflow gradient will allow different
analytes to separate and focus across the chamber according to Eq. 3.2, before exiting through
the outlets. It is assumed that the counterflow at both sidewalls is equal in magnitude along the
z-direction. It should also be noted that the continuous addition of flow from the sidewalls will
create an increasing velocity in the z-direction.

A simplified 2D mathematical model of the velocity field within the FF-CGF chamber can
be derived using a method similar to Ref. [124]. This model will solve for the area-averaged
x-velocity (u) and area-averaged z-velocity (w). For this model, consider a chamber where the
length L and breadth 2b are much greater than the height 24. By assuming incompressible flow,
the net volumetric flow rate V through an arbitrary segment of the chamber with a width of Ax
and a length of Az is equal to zero:

V =2hAz ((u), — (1) s ar) +2hAx (W), — (W), a,) =0 (3.3)

If the segment being analyzed is much smaller than the length and the breadth of the chamber,
then the following expressions can be written:

d (u)
(U) pone — (u), = o Ax (3.4)
d(w)
<W>Z+Az - <W>z = d Az (35)
Z
By substituting these equations back into Eq. 3.3, the following differential equation can be
obtained: Q) dw)
u w
—+——=0 3.6
dx + dz (36)

If the inflow through the sidewalls is assumed to be constant along the z-direction and described
by the boundary conditions of (u) = ug at x = —b and (u) = u; at x = b (see Fig. 3.1), then
Eq. 3.6 can be simplified by setting Ax of the segment equal to breadth of the chamber 2b:

d{w)  ug—uy

= 3.7
dz 2b -7)
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Solving for (w) in Eq. 3.7 gives the following expression for velocity in the z-direction of the
chamber:

(w) = (”Oz_bul)w (who (3:8)

where (w), represents the initial z-direction at z = 0. Additionally, substituting Eq. 3.7 back into
Eq. 3.6 gives the following expression:

du) __ (uw—wm
W‘_( 2 ) 39)

Solving for (u) in Eq. 3.9 gives the following expression for velocity in the x-direction of the
chamber:

() = — (”02_]9”1 > X+ () (3.10)

By applying the boundary conditions of (u) = uy at x = —b and (u) = u; at x = b, the final

expression for (u) is:
_ [uo+tu (o —u
<u>—< 3 ) ( 5 )x (3.11)

For the scenario where up = —u, the expressions for («) and (w) can be simplified to the standard
form:
uo
(u) =—;x=—v(u)x (3.12)
uo
(w) = 7z {whg =V {u) 2+ {whg (3.13)

where V (1) = ug/b is the gradient of x-velocity and (w),, is the initial z-velocity at z = 0.

3.2.3 Position and Residence Time

The area-averaged velocity field within the chamber can be used to track the position of the
analyte at time #. Substituting Eq. 3.12 into Eq. 3.2, the x-velocity of a mass particle with a
constant ugp can be determined from the following expression:

0
%x) =ugp— V (u) x (3.14)

Assuming x = 0 at t = 0, this differential equation can be used to find the mean x-position of the

analytes as a function of ¢:
_ Uep —v(u>z>
=——(1— 3.15

Ty (u) < ¢ (3.15)
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Now, rewriting Eq. 3.12 as a differential equation to consider the z-velocity of a mass particle
during transit:

J (z)
o

Assuming z = 0 at t = 0, this differential equation can be used to find the mean z-position of the
analytes as a function of ¢:

=V (u)z+ (W), (3.16)

_ (W)o (ev<u>t_ 1> (3.17)
v (u)
Rearranging this equation to solve for ¢ gives the transit time through the chamber as a function
of z-position:
1 ( v {u) )
t=——In(1+-—"z (3.18)
v {u) W)o

Setting z = L into this equation will give the residence time of the analyte in the separation
chamber. Substituting this expression back into Eq. 4.13 gives the mean x-position of an analyte
with a constant ugp as a function of z:

_ UEP B v (u) -
x= v ) (1 (1-1— <W>0 Z) > (3.19)
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3.2.4 Focal Point

The mean focal point for an analyte with a constant ugp can also be found using the area-averaged
velocity field in the chamber. Substituting Eq.3.12 into Eq. 3.2 gives the following expression:

ur = ugp — V (u) x (3.20)

A graphical representation of this expression is shown in Fig. 3.2 for different analytes. Note
that analytes will migrate towards its focal point (where ur crosses the x-axis), regardless of its
initial x-position. Therefore, at u7 = 0, the mean focal point is:

(3.21)

When considering the overall focal point x ¢ of an analyte, it is also important to consider velocity
profile of the fluid flow in the height direction of the chamber (y-direction). If it is assumed that
the x-velocity (u) and the z-velocity (w) of the fluid within the chamber are constrained to a
parabolic profile in the y-direction:

u(y) = % (u) (1 - Z—i) (3.22)

w(y) = % (w) (1 - z—i) (3.23)

Substituting Eq. 3.12 and Eq. 3.13 into Eq. 3.22 and Eq. 3.23, respectively, then the overall
velocity profiles are given as:

2
u(x,y)z—%V(u)x(l—z—z) (3.24)
2
w(2) = 3 (7 () 2+ (who) (1 - %) (3.25)

From Eq. 3.24, if ugp = —u (x,y) at the focal point, and a shifted co-ordinate of x = (x) , +x is
applied, then the focal point is given by:

_ugp (2 »\ 7
Xp= v () <§ <1 — ﬁ) — 1) (3.26)
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Figure 3.3: Numerical simulation of 15 x 35 x 0.1 mm FF-CGF chamber with a 1 mm/s input velocity at
sidewalls and -500 V applied across the chamber, distributed uniformly along the length of the chamber.
a) Velocity field. b) Electric field (333.33 V/cm). c) z-Velocity field. d) x-Velocity field.

Eq. 3.26 can provide some insight towards the band-broadening and resulting resolution at x.
While deriving a mathematical model that also considers molecular diffusion and the overall
dispersion is beyond the scope of this work, Eq. 3.26 indicates that Taylor dispersion will be a
factor due to the parabolic term [121]. The electrodynamic dispersion caused by EOF should
also be considered in future models [54]. For example, the pressure-driven backflow caused by
EOF could minimize Taylor dispersion when it opposes the counterflow, as the subtraction of
their parabolic profiles will flatten the overall profile [166].

3.2.5 Numerical Simulations

The FF-CGF principle has also been validated using a simplified 2D numerical simulation (COM-
SOL v5.3). The fluid dynamics were calculated using the continuity equation and a simplified
Navier-Stokes equation that neglected the inertial terms and the electrokinetic body forces:

vV-uU=0 (3.27)
—Vp+uV27—12‘LiZ—27:O (3.28)
y

where U is the velocity of the fluid, p is the pressure, and p is the dynamic viscosity. Also note
that the final term is due to the shallow channel height approximation, with dy being the chamber
height. The electrostatics were computed simultaneously using the following equation:

E=—vv (3.29)
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where V is the electric potential. Note that this assumes that the electric field is constant across
the separation region, and is unaffected by the local conductivity gradients that may arise due to
the focused solute. The steady-state analyte transport through the chamber was then calculated
using the convection-diffusion equation and the molar flux (N; ) equation:

v. (—Dchl-JruEPc,-E) 406 =0 (3.30)

where D; is the diffusion coefficient of the ! analyte and c¢; is the molar concentration of that
analyte. The diffusive term that helps determine the width of the focused band only accounts for
molecular diffusion in this model.

The velocity field and electric field within the FFE chamber are shown in Fig. 3.3. Most
notably, the x-velocity of the fluid from the sidewalls is uniform along the z-direction and de-
creases linearly in the x-direction towards the center of the chamber. The steady-state analyte
transport through the chamber due to the velocity gradient and electric field is shown in Fig. 3.4.
Note that this is a 2D model, and therefore does not consider Taylor dispersion in y-direction.
In Fig. 3.4a, when there is no applied electric field, all three analytes will focus down the center
of the chamber due to hydrodynamic focusing. The terminal width of the peak is determined
by the focusing gradient and the diffusion coefficient. In addition, due to the side flow there
is a continuous dilution of the analytes as they traverse the chamber. The FF-CGF principle is
demonstrated when an electric field is applied in Fig. 3.4b, as the analytes focus into different
streams according to their unique electrophoretic mobility before exiting the chamber. Note that
parameters such as side flows and electric field need to be tuned to keep the analytes within the
chamber in the x-direction.

3.3 Device Design

To make a practical FF-CGF device, the design of the FFE chamber was critical to replicate the
hydrodynamic and electric field distribution in the simplified simulation. In the current approach,
there are parallel microchannels that connect to the sidewalls and span the entire length of the
separation chamber (see Fig. 3.5a). At the other end of the microchannels, there are additional
side chambers that include access holes for buffer inflow and ionic current (see Fig. 3.5b). There
were also outlet channels placed between the end of the separation chamber and the outlets to
ensure that the outlets did not affect the sample streamlines.

For a uniform velocity gradient and electric field across the separation chamber, there must
be an equal buffer flow rate (Q) and ionic current (/) through all of the microchannels (see
Fig. 3.5¢). Therefore, the hydrodynamic resistance and electrical resistance of the microchannels
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Figure 3.4: Numerical simulation for the FF-CGF separation of 3 analytes, each with a diffusion coeffi-
cient of 10719 m?/s. Their mobilities were 0, 1 x 10713, and 2 x 10~!3 s-mol/kg. (a) No applied voltage.
(b) A -500 V applied voltage across the chamber for an electric field of 333.33 V/cm.

must be significantly greater than that of the side chambers and the separation chamber. When
considering that the hydrodynamic resistance is given as [167]:

-1
uL | dy (192 & 1 naw
n= ~

where d, is the chamber height and W is the width of the separation chamber. Therefore, this
critical design requirement can be satisfied by making the height of the microchannels small
relative to the adjacent chambers. Of course, the relative height of the microchannels must not
be too small, as this would limit the voltage drop across the separation chamber. Therefore,
the height ratio between the adjacent chambers and the microchannels was limited to 10:1 (see
Fig. 3.5¢). A more detailed understanding of the criteria for achieving a uniform counterflow
gradient along the length of the chamber can be found in Chapter 6.3.
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3.4 Experimental Methods

3.4.1 Materials

All chemicals were purchased from Sigma Aldrich. The electrode buffer consisted of 445 mM
of Tris and 445 mM of boric acid, with the pH adjusted to 8.2 using an HCI solution. The
buffer counterflow pumped into the separation chamber was 89 mM of Tris and 89 mM of boric
acid. The dye molecules separated in the FF-CGF experiments were prepared in a 20% glycerol
solution: Ponceau S (0.1% w/v), Orange G (0.2% w/v), Bromophenol Blue (0.05% w/v), and
Xylene Cyanol FF (0.1% w/v). These dye molecules are commonly used in gel electrophoresis
as reference DNA markers.%® The glycerol was found to help dissolve the dyes. The proteins
separated in the FF-CGF were prepared in a solution of DI water: Hemoglobin (50 mg/mL)
and Bovine Serum Albumin (BSA) (50 mg/mL). The BSA was labeled with Bromophenol Blue
(BPB) at a 4:1 molar ratio [168].

3.4.2 Device Fabrication

A schematic of the device is shown in Fig. 3.5. Standard soft lithography techniques were used to
fabricate this device. Briefly, SU-8 (2005, Microchem) was deposited and patterned on a silicon
wafer to produce microchannels with a target height of 10 um. Then, SU-8 (2075, Microchem)
was deposited on the same wafer to pattern the remaining features with a target height of 100
um. Markers were used to ensure proper alignment between the two SU-8 layers. Polydimethyl-
siloxane (PDMS) with a 10:1 ratio of base to curing agent was poured onto the silicon master
and cured for 3 h at 95°C. A 1.5 mm biopsy punch was then used to create access holes for the
cured PDMS mold. Finally, two 50 mm x 75 mm glass slides were bonded to the top and bottom
of the PDMS as shown in Fig. 3.5a using oxygen plasma with a power of 29.6 W at 500 mTorr
for 1 min. The top glass slide is bonded first to prevent the PDMS chamber from sagging, while
the bottom glass slide seals the chamber.

3.4.3 Membrane Fabrication

Membranes are often used in FFE at the chamber sidewalls for electrode isolation, as this ensures
electrolysis bubbles do not affect the separation process [31]. This can be challenging in FF-
CGF due to the additional requirement of having uniform fluid flow through the sidewalls. For
a simplified approach, reusable membrane devices were fabricated and easily plugged into the
PDMS chip. As shown in Fig. 3.5b, these devices allowed buffer counterflow (Q) and ionic
current (/) to enter the side chambers. To fabricate this device, two layers of PDMS were bonded
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Figure 3.5: a) An image of the FF-CGF PDMS chip b) An exploded drawing of the Nafion ion-exchange
membrane device. An ionic current (/) and counterflow buffer (Q) go through this device and into the
side chamber. c¢) A close-up drawing of the micro-channels that are used to supply I and Q through the
sidewalls of the separation chamber.

using oxygen plasma. The top PDMS layer had a Q-port and an /-port as shown in Fig. 3.5b.
Both ports were connected to a piece of tubing in the bottom PDMS layer that could plug into the
inlet of an FFE side chamber. A glass reservoir that contained electrode buffer and a platinum (Pt)
electrode was bonded to the top PDMS layer using silicone glue. An ion-exchange membrane
(Nafion 117, FuelCellStore) was bonded to the top of the /-port using double-sided tape (DS
tape) (ARcare 90106, Adhesives Research) to isolate the electrode while allowing ionic current
to pass through. There was a hole in the centre of DS tape to ensure the membrane was in contact
with the buffer from the Q-port. Note that the bottom of the DS tape was spin-coated with a thin
layer of PDMS and bonded to the top PDMS layer using oxygen plasma. Also note that using
porous membranes as an alternative to the ion-exchange membrane would be less effective, as
buffer from the Q-port would flow into the reservoir instead of the channel.
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Figure 3.6: From left to right, the separation of Xylene Cyanol FF (blue), BPB (purple), Orange G
(orange), and Ponceau S (red) at different applied currents. a) A symmetric velocity gradient and b) its
corresponding separation profile at the end of the chamber. ¢) An asymmetric velocity gradient and d) its
corresponding separation profile at the end of the chamber.

3.4.4 Experimental Setup

Syringe pumps were used to pump the buffer (Pump33, Harvard Apparatus) and sample (Pumpl1,
Harvard Apparatus) into the FFE device. A high voltage supply (HVS448—3000, LabSmith) was
used to apply the electric field at the electrodes using a constant current mode. Images of the sep-
aration peaks were analyzed using ImagelJ software.

3.5 Results and Discussion

Compared to traditional FFE techniques, this FF-CGF technique presents several advantages
including: 1) its ability to focus analytes across the chamber; ii) its applicability for a wide range
of analytes, from small molecules to proteins; iii) the use of simple buffer solutions; and iv) easily
adjustable counterflow gradients. This section experimentally demonstrates these potentials.
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3.5.1 Symmetric Gradient

To demonstrate the FF-CGF principle, a sample mixture containing Xylene Cyanol FF, BPB,
Orange G, and Ponceau S was separated. The results are shown in Fig. 3.6, with the separation
distance between the two analytes increasing as the current increases. As seen in Fig. 3.6a and
6b, each analyte migrates to the right side of the chamber until it reaches its equilibrium point.
Overall, the streamlines of the separation peaks are similar to what was predicted in the math-
ematical model and numerical simulations seen in Fig. 3.2 and Fig. 3.4, respectively, therefore
validating the CGF principle and the device design. Unlike FFZE, the separation peaks do not
appear to widen significantly as they move across the chamber. This is due to the counterflow
restoring force, which serves to return diffusing analytes to their focal point. Additionally, the
lack of lateral migration in the FFE chamber could be reducing hydrodynamic broadening [37].
Finally, at 300 n A, the Ponceau S stream remains relatively narrow near the edge of the chamber
(see Fig. 3.6a and 6b), despite being where the counterflow velocity is strongest, suggesting that
the parabolic profile of the counterflow is being flattened by that of the opposing EOF backflow,
as discussed following Eq. 3.26.

3.5.2 Asymmetric Gradient

In this format, the buffer flow rate through the right side of the chamber is greater than the left,
such that the sample will focus on the left side of the chamber when no current is applied (see
Fig. 3.6¢). This form of gradient is particularly useful when all analytes have the same charge, as
it effectively doubles the size of the FFE chamber, and therefore increases the number of outlets
available for collection. As shown in Fig. 3.6¢ and 6d, the negative analytes will migrate from
left to right when the velocity gradient is skewed to the left and a positive electric potential is
applied on the right side of the chamber. This asymmetric technique could operate in a scanning
mode, where a detector is placed in-line with the outlet in the center of the chamber. Then,
the applied current could be gradually increased over time to allow analytes to sequentially pass
through this center outlet channel for further processing.

3.5.3 Protein Fractionation

To demonstrate this device’s potential for protein separation, Hemoglobin and BSA-BPB were
separated (see Fig. 3.7). The BPB dye was prepared at an excess molar ratio to confirm it was
indeed bound to the BSA. From Fig. 3.7, it can be seen that BSA-BPB is dark blue while the
free BPB dye is purple. These results also appear to be consistent with the mathematical model
and numerical simulations seen in Fig. 3.2 and Fig. 3.4, respectively. Due to the large size of
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Figure 3.7: a) From left to right, the separation of Hemoglobin (brown-orange), BSA-BPB (blue), and
BPB (purple) at different applied currents. b) The corresponding separation profiles at the end of the
chamber.

the proteins, it could be assumed that their small diffusion coefficients would cause increased
band-broadening due to the parabolic profile of the counterflow from Eq. 3.26. However, this
does not appear to be the case as their peak widths are comparable to the dye molecules. As
discussed earlier, one likely scenario is that Taylor dispersion is being suppressed due to the
pressure-driven backflow caused by EOF.

3.6 Future Considerations

One potential drawback of FF-CGF is that the sample is being diluted by the side flow as it
moves towards the outlets. This is opposite to most EGMs, which partially serve to concentrate
the separated analytes. With that said, concentrated peaks can be seen as a disadvantage in some
situations, as it can lead to undesired local conductivity gradients that can distort peaks or cause
the analyte to precipitate [157]. It should also be noted that the analytes reach their equilibrium
point almost immediately after injection (within the first 1/4 of the chamber), as seen in Fig. 3.6.
Therefore, future designs could consider decreasing the length of the chamber significantly, as
this would reduce sample dilution and device footprint.

Another technical challenge was related to voltage efficiency and electrode integration. Due
to the small microchannels, the voltage drop across them was large limiting the electric field
in the separation region. Higher currents required to improve separation in some cases could
therefore lead to excessive Joule heating. Clearly, there is a need for better electrode integration
in this system, and many of the current solutions for miniaturized FFE are challenging due to
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the additional need for uniform flow through the sidewalls. For future designs, decoupling the
fluid and ionic transport through the sidewalls should be considered, such that the ionic current
is not subject to the same high-resistance criteria required for hydrodynamic flow. A conductive
membrane integration within the separation chamber and near the sidewalls would be ideal, but
it should not be permeable to fluid flow or increase the height of the chamber, as this could
influence the velocity gradient.

The final technical hurdle is band-broadening. As with most CGF devices, Taylor dispersion
is a common issue due the parabolic profile of the counterflow [121]. Therefore, future work in
FF-CGF should consider the impact of Taylor dispersion. In terms of theoretical work, it would
be beneficial to develop dispersion models to identify optimal conditions for separation. As
discussed previously, these models should also consider EOF and the resulting pressure-driven
backflow [54]. Fortunately there are several excellent dispersion studies developed for FFE to use
as a starting point, including hydrodynamics [53], pressure-driven crossflow, [43] and fluid shear.
[63] In terms of experimental work, further studies are required to compare the resolving power
of FF-CGF to existing techniques, while innovative designs should be considered to minimize
Taylor dispersion.

3.7 Concluding Remarks

The goal of this work was to introduce and validate FF-CGF. First, a mathematical model was
presented to describe the focusing mechanism, followed by numerical simulations. Then, design
guidelines were provided for the successful operation and fabrication of a FF-CGF device. Upon
completing experiments, it was found that the separation profile of the analytes agreed with
the simulations, therefore validating the FF-CGF principle and device design. The counterflow
gradient was easily adjusted, and unlike capillary-based CGF methods, several analytes could be
continuously separated and collected at once.

The results show that the focusing mechanism of FF-CGF offers several advantages over
existing FFE methods. Compared to FFZE, the resolution will be less dependent on factors
such as the sample injection width and the size of the separation region. As a result, the device
footprint can be reduced for simple integration and lower power requirements. Compared to
FF-IEF, it is similar in principle, except the focal point is determined by the electrophoretic
mobility of the analyte rather than its pl. This offers versatility, as many analytes either do not
have a well-defined pl, or have poor solubility at that point. Furthermore, no expensive carrier
ampholytes are required, therefore reducing cost. Similarly, when compared to FF-ITP or field-
step electrophoresis, no complex buffer compositions or spacers are required. With FFE being
used increasingly with mass-spectroscopy [108], the relaxed buffer constraints of FF-CGF are
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desirable.

Finally, this initial investigation demonstrates that FF-CGF has the potential for high resolu-
tion separations. Unlike FFZE, the separation peaks do not appear to widen significantly as they
migrate through the chamber, and there are several possible explanations. For one, the counter-
flow focusing mechanism is acting as a restoring force that minimizes diffusion. Second, the
lack of lateral migration is likely reducing hydrodynamic broadening. Third, there is evidence
to suggest that the counterflow combined with the backflow from EOF is suppressing the band-
broadening caused by the parabolic flow-profile. Interestingly, this result would imply that Taylor
dispersion and electrodynamic dispersion are canceling each other out. Overall, preliminary re-
sults appear promising, and should be explored further, both theoretically and experimentally. In
doing so, it is recommended that technical issues such as voltage efficiency are also addressed.
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Chapter 4

Investigating Peak Dispersion I: Hydrodynamics

The work included in this chapter is published: M. Courtney, T. Glawdel, C.L. Ren. Investiga-
tion Peak Dispersion in Free-Flow Counterflow Gradient Focusing. Electrophoresis, 43 (2022),
776-784. [169]

Tomasz Glawdel (Adjunct Professor in the Department of Mechanical Engineering, Univer-
sity of Waterloo) assisted in the development of the method of moments formulation and the
numerical model.

4.1 Introduction

The purpose of this chapter is to develop a model for understanding dispersion in free-flow coun-
terflow gradient focusing (FF-CGF). Although the preliminary results of FF-CGF have shown
promise, peak dispersion must be thoroughly understood to make it a practically useful separa-
tion tool. Importantly, an investigation is needed to understand how molecular diffusion and the
parabolic profile of the counterflow affect the solute distribution. In doing so, the potential of
FF-CGEF can be evaluated in terms of separation resolution. Such a study would also enable ana-
lytical chemists to predict peak behaviour and optimize the operating conditions for a particular
application. Finally, a theoretical framework for peak dispersion will provide engineers with the
tools to improve FF-CGF performance further.

At this point, the common sources of dispersion in FFE should be well understood, and their
models can be used as a starting point for this chapter (see Chapter 2.1.2). For example, solute
peaks in free-flow zone electrophoresis tend to suffer from hydrodynamic dispersion, which is
related to the parabolic profile of the pressure-driven flow and its impact on lateral migration dis-
tance [53]. Furthermore, there is an additional electrodynamic dispersion source which created
due to pressure-driven flow across the chamber that is caused by electroosmotic backflow [54].
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Finally, dispersion has also been modeled in free-flow isoelectric focusing (FF-IEF), and there
is no hydrodynamic dispersion because the isoelectric point is not influenced by the parabolic
profile of the carrier medium. However, electrodynamic dispersion can still be a factor if the
electroosmotic backflow is not suppressed [43].

The dispersion of a solute pulse subjected to parabolic flow was originally studied by Taylor
[122]. Shortly thereafter, Aris [123] described this mechanism analytically with a method of
moments formulation that has recently been employed by Ivory [121] for EGMs and Dutta [53]
[54] [43] for several different FFE models. The resulting statistical moments can then be used
to estimate the resolution of Gaussian peaks [162]. While this method is a useful starting point
for FF-CGF, the following study indicates that the corresponding differential equation is more
complicated and may not have an analytical solution. Additionally, numerical simulations show
that the focusing mechanism produces an asymmetric peak, and therefore statistical moments
are less useful for predicting resolution. As an alternative approach, the simulated concentration
profiles can be described with a curve fitting algorithm commonly used to deconvolute skewed
chromatographic peaks [170] [171]. In the end, a useful method for analyzing and predicting
peak behaviour in FF-CGF is provided, followed by a discussion on the practical implications
and future work.

4.2 Modeling Peak Dispersion

The purpose of this section is to understand how the gradient strength and the parabolic counter-
flow profile influences the focal position and solute dispersion.

4.2.1 Focal Position

An analytical model for the fluid flow in FF-CGF has been previously derived for a chamber of
length L, breadth 2b, and height 2/ (see Chapter 3.2). For the scenario presented in Fig. 4.1a,
where uq is the magnitude of the x-velocity input at the chamber sidewalls (x = £b along the
z-direction), the resulting solute velocities in the x- and z-direction are defined as:

3 2

e (5.5) = e = 39 (1) (1 - Z—z) @1
3 y2

w(y,z) = §(V<M>Z+WO) <1 —ﬁ) (4.2)

respectively, where ugp is the electrophoretic velocity of the solute for a given electric field ﬁ,
and wy is the inflow z-velocity at z = 0. The term V () = ug /b represents the x-velocity gradient
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Figure 4.1: a) A schematic of an FF-CGF device with focal points at different y-positions. b) The focal
position along the height direction due to the parabolic profile of the counterflow.

on each side of the chamber, and while it is scalar, the V notation enables a more compact form.
By setting u (x,y) = 0, the focal point of a solute along the height direction is given as:

2 ugp y? B
xr(y) = v 1-23 (4.3)

Fig. 4.1b shows that the resulting focal point reflects the parabolic nature of the counterflow.
Consequently, the smearing seen near the top and bottom of the chamber will increase peak

dispersion. It is helpful to visualize this effect as the solute travels along the z-direction (see
Appendix A.1 for derivation):

~1
x(v,2) = x7(y) [1 — (1 + MZ) ] 4.4)

wo

Eq. 4.4 with x7(y) evaluated at different y-positions is shown in Fig. 4.1a, and the separation
distance between the curves can help predict the peak width. Eq. 4.4 also shows that a solute

54



will approach its focal point asymptotically. Therefore, it is helpful to redefine Eq. 4.4 relative
to x7(y) to understand the level of focusing within the chamber (see Fig. 4.1a):

% focused O RE
zrocused (4 2 4.
100 ( + "~ Z) (4.5)

Note how wg and the chamber length (z = L) can play a role in the level of focusing.

4.2.2 Convection-Diffusion Model

The concentration profile of the solute distribution can be modeled using the convection-diffusion
equation [121]:
dc
ot
where c¢ is the concentration of the solute, u is the vector velocity, D is the diffusion coeffi-
cient, and V is the gradient operator. Then, substituting the Eq. 4.1 into Eq. 4.6, the focusing
mechanism in the x-y cross-section is represented as:

dc 3 2\ de dc d’c ’c [3 y?

+V-(uc) =v-(DVc) (4.6)

Note that Eq. 4.6 presents a simplified 2D dispersion model because a solute will migrate towards
its focal point independent of the z-velocity. Consequently, this model is more appropriate for
situations where the solute distribution approaches equilibrium (~ 95% focused). Now, Eq. 4.6
can be written in dimensionless form as:

ac* 3, , 2\ dc* oc*  d*c* 9% [3 2\ s
S = 5Gx (1- )ax* R A [EGX<1—y >c} 4.8)

where t* = Dt/hz, x* =x*/h,y* =y/h, Pegp = ugph/D, G = V (u) hz/D, c* =c/cp, and ¢ is the
initial solute concentration. Note that Pegp is the Peclet number for the electrophoretic velocity
and Gy is the gradient number for the counterflow [121]. These dimensionless quantities are
useful for describing the convective transport relative to the diffusive transport. Finally, note that
the electrophoretic term assumes that there are no variations in the local electric field due to the
focused solute. Interestingly, the solute stream is being simultaneously concentrated and diluted,
so the concentration is not expected to increase relative to the initial concentration.
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Shifted Coordinate for G, < 1

When using numerical simulations to solve Eq. 4.8, it is helpful to apply a shifted coordinate
system to reduce computation efforts. As will be seen in the following sections, most of the
solute is concentrated around the average focal position when Gy < 1. Therefore, applying a
shifted coordinate of x = x¢ + ugp/V (u) to Eq. 4.7, the dimensionless form can be written as:

dc* 3 2\ dc* 3 2\ \ dc*
% 2 *(1-*)- P 1--(1—*)
or- 2 M\ &x;;+ eEP( 2\ ) o

0%c*  9%¢* 3 2
= +——=+|5G (1—*)6‘}
8x}2 oy* [2 ! Y

4.9)

Shifted Coordinate for G, > 1

For G, > 1, it will be seen in the following sections that the solute becomes increasingly fo-
cused at the centerline position along the parabolic profile, and therefore a shifted coordinate of
x =xy+2ugp/3V (u) is more appropriate for these situations. Applying this alternative shifted
coordinate to Eq. 4.7, and the dimensionless form can be written as:

ac* 3 ., L2\ dc* 20ct 9%t d%¢t [3 AN
¥

4.2.3 Time Dependence

Given that the dispersion model shown in Eq. 4.7 has a time dependence, it is helpful to know
the exact time scale during numerical simulations. Recall from Chapter 3.2.3 was derived as:

1 ( v (u) )
= In{ 1+ z “4.11)
v (u) (W)o
Therefore, the dimensionless from of time can be related to the z-position in the chamber as
follows: . G
t'=—In(14+-"7 4.12
G, n( T Pes” ) “12)

where Pe; = woh/D, and this will help determine the length of the chamber required for high
levels of focusing. Alternatively, the time can be related to the x-position in that chamber to
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approximate a peak dispersion as the solute approaches equilibrium conditions (~ 95% focused).
Recall the derivation from Chapter 3.2.3:

__ Uep < fv(u>t>

=——(1— 4.13
X=g w e (4.13)
When rearranged to be relative to the average focal point, the above equation can be written in
terms of the level of focusing:

% focused _ (1 _e—v<u>t> (4.14)

100

Finally, the above equation can be written in its dimensionless form, and this can be helpful for
determining the time steps during numerical simulations:

1 % focused
tf=——In(1-—"——F 4.15
G, n( 100 ) (415)

It should be noted that the above equations are valid when the sample is injected at x = 0, and
larger sample injection widths will require longer focusing times that are beyond the scope of
this work. The Appendix contains additional information on the level of focusing required to
reach steady-state (see Appendix A.2), as well as a method for approximating sample dilution
due to the addition of pressure-driven flow from the sidewalls (see Appendix A.3).

4.3 Methodology

First, this section will outline the method of moments formulation. Unlike other FFE modes, it
will be seen that it does not yield an analytical solution, and the approximate solutions are not
useful due to the non-Gaussian behaviour of the focused peaks. Therefore, an alternate approach
to understanding peak dispersion will be provided by combining numerical simulations with an
asymmetric curve fitting method.

4.3.1 Method of Moments Approach

An analytical solution to Eq. 4.8 would be ideal to reduce the computation efforts needed to
understand peak dispersion. A method of moments approach is commonly used to solve the
convection-diffusion equation in FFE [53] [54] [43]. According to Dutta, the nth moment of a
solute distribution is:

1 oo
M, :/ / Xt (X, y")dxtdy” (4.16)
1J -
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Note that this is presented in dimensionless form for both the x- and y-direction, and it is assumed
that the x-direction is infinitely long.
Moment Statistics

The moments can then be used to calculate the key parameters of a solute distribution, such as
mean position [, variance o2, skewness ki, and kurtosis x> [172]:

. (4.17)
2
0_2:%_ <%) (4.18)
o M3 /Moy —3(M; /M) (M) My) +2(§‘41/M0)3 (4.19)
(\/Mz/Mo - (MI/MO)2>
o Ma /Mo — 4(M, /Mo) (M5 /Mo) +6 (M, /Mo)* (Ma/Mo) — 3 (M, /Mo)* (4.20)

<M2 /Mo — (M, /M0)2> ’

Formulation

For this formulation, it is assumed that Eq. 4.8 is solved under steady-state conditions for sim-
plification, and this means that the time-dependence it removed. Furthermore, the boundary
conditions can be written as [53]:

BC 1: c*,%ansx*—H:oo
BC 2: g—;i;:Oaty*:il

The first step in achieving a method-of-moments formulation is multiplying Eq. 4.8 by x*":

& aC* 3 %2 " laC>|< ! azc* &M azc* 3 +2 w1 %
Pegpx ﬁ—EGx(l—y ) =S ay*2+§Gx<1_y )x'e @2

Then, integrating along the x*-coordinate from —eoo to oo, the following integrals must be solved
as follows:
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e n a * n e n—
/ x* 8C* Ix* =x" "7, —n/ et oxt = —n@,_1 (4.22)
—oo X —oo

[ e = ) [ o =~ @2
—oo X -

(o)

°° nazc* n aC*
/ x* ox" =x" —

—o0 ax*z ax*

“n / T e = 1)6y (4.24)

e ox*

—00

where ¢, = [~ x*"c*dx*. Note that BC 1 was applied to solve the above integrals, and this
results in the following equation:

¢, 3 §
ay(fz —n50x <1 — 2) ¢n = —nPegp@p1+n(n—1)¢, > (4.25)

Note that the above differential equation can be solved for ¢, and this can be related to the nth
moment as m,, = fil ¢0,dy*. When n = 0, and by applying the appropriate boundary conditions
it can be shown that ¢o = 8, where § is a constant which represents the total mass of solute in
the system [53]. When n = 1, Eq. 4.25 can therefore be written as:

9%¢; 3
7N S (1-97) 61 = —Peepd (4.26)
ay< 2

Note that the homogeneous component of this equation is similar to the form of an equation
known as the Weber parabolic cylinder function [173]. In fact, by making the substitution y* =

n/((3G:/2)"/*V2) and letting a = \/3G./2/2:

9% (l ) ) Pegpd
(P - =__—EPC 427
oz T\a" )N =75 AGn *2D

where the homogeneous component is the Weber parabolic cylinder function. For increasing
values of n, the equation will maintain this form. Unfortunately, there is no clean analytical
equation for this function [173], and approximations become increasingly complicated in its
inhomogeneous form [174]. Preliminary attempts to approximate a solution were unsuccessful,
so a built-in MATLAB solver of ordinary differential equations was used instead.
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Figure 4.2: Skew and kurtosis for different G, values as a function of Pegp/G,. COMSOL simulations
were used to evaluate G, < 10, and the method of moments formulation was used to G, > 10.

Evaluation

Moment analysis has also been used in chromatography for the last several decades, and it can be
helpful for understanding the shape of a solute distribution [175] [176]. For example, the skew
is related to the symmetry of the peak, where positive values indicate a right-tailed curve and
negative values indicate a left-tailed curve. The kurtosis, or excess, is less intuitive, but can be
related to the flatness of a peak. In chromatography, a kurtosis greater than 3 suggests that the
fraction of solute in the tails of the peak is greater than that of Gaussian, while values less than 3
suggest that there is less solute in the tails. Fig. 4.2 shows the skew and kurtosis of solute peaks
at their equilibrium position. They are plotted for different G, values as a function of Pegp/G,.
For G, < 10, the method-of-moments formulation was inaccurate for reasons that have yet to
be determined. Therefore, COMSOL simulations of the 2D solute distribution were used for
this range (see Section 4.3.2 for more details). At G, = 0.1, the skew remains small enough
to be considered similar to that of a Gaussian distribution, but note that it gradually increases
with increasing Pegp. As Gy approaches 1, the skew rises to the point where a Gaussian is no
longer appropriate. However, the kurtosis remains close to 3. As G, increases beyond 1, both the
skew and the kurtosis indicate that a Gaussian distribution is no longer applicable. In fact, as Gy
continues to increase, it can be seen that both the skew and the tailing become quite significant.
Therefore, because the distribution is non-Gaussian and there is no analytical solution to Eq. 4.25,
the moment analysis is not useful for predicting separation performance in FF-CGF, and other
methods need to be employed.
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4.3.2 Numerical Simulation Approach

A commercial software package (COMSOL, v5.3) was used to solve Eq. 4.9 and Eq. 4.10 us-
ing the Transport of Diluted Species module, and the resulting separation peaks are shown in
Fig. 4.3 for different dimensionless parameters. Note that the term in square brackets for Eq. 4.9
and Eq. 4.10 must be added as a reaction rate in COMSOL to account for the continuous counter-
flow input and avoid a concentration sink. To improve the computation efficiency, a symmetric
boundary condition was used at y* = 0, and a shifted coordinate system was applied around the
focal point. The simulation assumes a relatively small sample injection width of 3/ centered
around x = 0, though the model can be readily applied to larger widths if needed. Finally, the
solute peaks were measured by taking the linear projection of the concentration onto y* = 0, as
this represents the average concentration along the height direction.

4.3.3 Curve Fitting Approach

Non-Gaussian solute distributions are frequent in chromatography due to extra-column effects
[170] [176] [175]. These peaks are often fitted with asymmetric curves to resolve overlapping
distributions [170]. A common function used during this process is the exponentially modified
Gaussian (EMG), which represents the convolution of a Gaussian and exponential distribution,
and can be written as [177] [178]:

2
1 1 o2 pe+ 2% —x
_ — (2 G _» fc | —=+—— 4.28
femc (x) ZreXp(M( He+— x)) x erfc Jaon (4.28)

where L is the mean position of the Gaussian component, O¢ is the standard deviation of the
Gaussian component, T represents the decay rate of the exponential component, and erfc is the
complementary error function. The EMG function is popular because it can fit to a wide range
of curves, and its parameters have physical relevance [171]. In particular, its statistical moments
are readily available, including a mean position of M| = g + 7, and a standard deviation of
M, = 6+ 7% [179].

In FF-CGF, the asymmetric behaviour of the solute distributions makes the EMG a good
candidate for modeling. Therefore, the simulated COMSOL peaks can be normalized to an area
of 1 and then fit using a nonlinear least-squares method in MATLAB (see Fig. 4.4). The peaks
were fitted at 95% focused according to Eq. 4.15, as this provides a useful estimate for steady-
state conditions (Appendix A.2). For G, < 5, the EMG can be fitted to the simulated peaks
with reasonable accuracy. For G, > 5, a concentrated solute region begins to emerge near the
centerline, followed by a long peak tail that is difficult to model with the EMG or any other
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Figure 4.3: The simulated separation peaks at 95% focused for different Pegp/G, values at a) G, = 0.1,
b) G, =1, ¢) G, =10, and d) G, = 100. The simulated solute concentration distribution and x-velocity
field at Pegp/G, =20 fore) G, = 0.1, f) G, = 1, g) G, = 10, and h) G, = 100.
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Figure 4.4: Normalized simulated peaks fitted with the EMG and EV functions for a) G, = 0.1 and b)
G, = 100. The cumulative distribution functions for the simulated and fitted peaks at c) Gy = 0.1 and d)
G, = 100.

asymmetric function (see Fig. 4.4b). With that said, the concentrated region resembles an EMG,
and is easily distinguishable from the tail region. As a result, this region can be cut-off at the
location of the half maximum and fitted with an EMG. An advantage of this approach is that it
maintains consistency with lower G, values, and the EMG parameters of the concentrated region
have a physical relevance that can be used when evaluating the resolution of these heavily skewed
peaks.

After fitting the concentrated region with the EMG and then subtracting this function from
the original simulated peak, the resulting peak was found to resemble an extreme value (EV)
distribution, which is written as [180].

—(14+a) —-a

a I —

fEV (x) — l (x—‘uEV> exp [_ <x—‘uEV)} (4.29)
19717 (% Ofrv

for x > Upy, and fgy (x) = 0 for x < pgy. It should be noted that pgy is a location parameter,

opy is a scale parameter, and o is a shape parameter that is negative for the Weibull distribution
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and positive for the Fréchet distribution. For 5 < G, < 20, it was seen that a Weibull fit works
well, while the Fréchet fit is more appropriate for higher Gy values (see Fig. 4.4b). In the end, the
simulated COMSOL peak can be written as a linear combination of the EMG and EV functions
[180]:

f(x)=dfemec (x)+ (1 —d) fev (x) (4.30)
where d is a mixing parameter that can range from O to 1. An advantage of Eq. 4.30 is that d
can provide information about the fraction of solute that is found within the highly concentrated
region (see Fig. 4.5). More generally, the cumulative distribution function for Eq. 4.30 is particu-
larly useful for FFE applications (see Fig. 4.4c and 4.4d), as it can be used to predict the amount
of solute collected at each outlet, and the overlap of neighboring peaks.

4.4 Results and Discussion

The goal of this section is to analyze the simulated peaks for different G, regimes to understand
their physical behaviour and evaluate the potential of FF-CGF as a separation tool.

4.4.1 Small Gradient Regime (G, < 1)

For G, = 0.1, Fig. 4.3a shows that the solute peaks resemble a symmetric curve for a wide
range of Pegp values. As Pegp/G, approaches 100, a subtle skew emerges due to the increasing
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Figure 4.6: The EMG fitting parameters for different dimensionless parameters for both a) small gradients
(Gx < 1) and b) large gradients (Gy > 20).

influence of convection and the parabolic nature of the focusing mechanism. As the value of
G, approaches 1, Fig. 4.3b shows that the presence of this skew becomes more prominent for
smaller Pegp/G, values.

Fig. 4.4a provides an example of the EMG fit at G, = 0.1 and Pegp/G, = 100, while the
corresponding cumulative distribution is shown in Fig. 4.4c. Fig. 4.6a shows that the fitting
parameters can provide useful information about the peak behaviour. First, tig, which defines the
x-position relative to the area-averaged focal point, becomes more negative as Gy and Pegp/G
increase, and this means that the focal position is shifting closer to the centreline. Second, o
and 7 show that the peak width and asymmetry are low for G, = 0.1, and begin to increase as G
and Pegp increase due to the influence of the parabolic velocity profile. Finally, there are evident
trends for the fitting parameters that can be used to estimate peak behavior, and these can be
found in Appendix A.4.

For practical use, working in this regime can be effective, especially around G, = 0.1, as the
peak dispersion is relatively stable for a wide range of Pegp values. Furthermore, there is no
peak tailing, which means that the contamination of neighboring peaks can be well-controlled.
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Moreover, Pegp values required for focusing in this range are relatively low, so Joule heating
will be minimal. One drawback of working in this regime is that the fluid velocity is slow, and
therefore the throughput will be limited. While increasing the initial z-velocity can increase
throughput without increasing dispersion, Eq. 4.5 suggests that this will require long chamber
lengths to achieve a high focusing percentage.

4.4.2 Transition Gradient Regime (1 < G, < 20)

The solute peaks in this regime experience a significant change in shape. Fig. 4.3b shows that
the peaks at G, = 1 continue to resemble a skewed Gaussian, while Fig. 4.3c shows that the
peaks at G, = 10 become much more asymmetric due to the increasing influence of the parabolic
counterflow and the diminishing diffusive transport. In general, the peaks in this regime are quite
dispersed and it is not recommended to work in this range. Consequently, further information on
the curve fitting process and the resulting fitting parameters was moved to Appendix A.4.

4.4.3 Large Gradient Regime (G, > 20)

Although the asymmetric trend continues in this regime, some interesting properties emerge that
may be useful for FFE applications. For example, Fig. 4.3d shows solute peaks for G, = 100
over a wide range of Pegp/Gy values, and the concentrated region is very narrow, while the tail
region is less prominent. Fig. 4.4b shows an example of how a peak in this regime can be fit with
an EMG and a Fréchet function. The corresponding cumulative distribution shown in Fig. 4.4d
shows that the quality of fit is initially strong, but then beings to diverge at the far end of the tail.
With that said, the fraction of solute in this region is so small that the difference between the
curves is negligible in practice.

The fitting parameters for this regime are shown in Fig. 4.6b for a wide range of dimension-
less numbers and they provide some useful information about the peak behaviour. First, ug,
which is defined as the centre of mass relative to the centreline position and can be seen to de-
crease with increasing G, due to the increasing strength of the focusing mechanism. Both o and
T also decrease with increasing Gy, and this represents the decreasing width of the EMG compo-
nent. As Pepp/Gy increases, all three parameters increase due to the influence of the parabolic
profile. Once again, there are evident trends that can be used to predict peak behavior, and they
are provided in Appendix A.4. The fitting parameters for the Fréchet distribution have less phys-
ical relevance, though they remain useful for predicting tail behaviour, and the trendlines are
provided in Appendix A.4.

In terms of practical use, working in this regime can be effective when peak identification is
a priority. Fig. 4.3d shows that the concentrated region is very narrow and easily distinguishable
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from the tail region. As a result, this can enable separations with a high resolution and a large
peak capacity. When purification is the priority, one drawback of this regime is that the significant
peak tailing will lead to contamination between neighboring peaks and loss of sample. For
example, at G, = 100 and Pegp/G, = 100, Fig. 4.4d shows that only about 20% of the solute is
contained within the concentrated region. Another disadvantage is that the large Pegp values in
this regime require high electric fields, which may lead to excessive Joule heating. With that said,
looking again at Fig. 4.3d, it is possible to imagine a scenario where a neutral solute is focused
at Pepp /G, = 0, while four additional solutes are focused at Pegp/G, = £2 and Pegp/G, = £10.
The overlap between these peaks is low, and may be particularly useful for separating protein
isoforms [104]. Moreover, Eq. 4.5 indicates that a high initial z-velocity is reasonable for high
G, values, and this will enable a high throughput for preparative-scale applications.

4.4.4 Comparison to Free-Flow Zone Electrophoresis

The second moment of the EMG, M, = Gé + 72, becomes useful for predicting the peak width
in FF-CGF, and enables a comparison to FFZE. The optimal peak width in FFZE has been pre-
viously derived, and its dimensionless form can be written as [54]:

1
Gmin 8*2 8 2 1 4 2
= — [ §*2 4 5 431
h \/12+[150 (S +L*2S )} @30

where L* = L/h represents the length of the chamber, S* represents the lateral migration dis-
tance, and 0* = § /h represents the sample injection width. If 0* is neglected, the ideal standard
deviation is plotted in Fig. 4.7 as a function of S*. In comparison, the fitting parameters are used
to plot the second moment in FF-CGF for G, = 0.1 and G, = 100. While G, = 100 neglects
the tail component, it is reasonable to assume that the EMG component is sufficient for peak
identification applications. As a result, Fig. 4.7 shows that the theoretical resolution for FF-CGF
is better than FFZE for a wide range of lateral migration distances. Furthermore, the resolution
of FF-CGF is not limited by a narrow sample injection width, and this becomes advantageous
for high throughput applications. Moreover, O,,;;, in FFZE depends strongly on the z-velocity,
which may also restrict sample throughput [53]. Finally, the focusing mechanism in FF-CGF will
provide additional forgiveness when there are pressure fluctuations caused by the pump [86].

4.4.5 Future Considerations

Sample injection is a factor that deserves further attention in FF-CGF. For one, increasing sample
injection width can increase sample throughput significantly. Additionally, to combat sample
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Figure 4.7: Comparing the optimal peak width in FFZE (L* = 1000) to the peak width of the EMG
component at Gy = 0.1 and G, = 100. The lateral migration distance is $* = Pegp/G, for G, = 0.1 and
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dilution, increasing the sample injection width can be a useful strategy for increasing sensitivity
in peak identification applications. While the peak dispersion model presented in this study is
valid for solute peaks that have reached their equilibrium width, there may be situations where it
is acceptable to collect separated fractions before reaching this point. This is especially true for
larger sample injection widths, as they will require longer focusing times that may not be feasible
for a given chamber length. On another note, it would also be helpful to consider situations where
the sample injection is focused in the height direction [181], as this could limit peak tailing at
large G, values. Interestingly, the mixing parameter d can provide a useful reference for the level
of focusing that is required in the height direction to mitigate the peak tail.

There are additional peak broadening sources that should be considered in future studies.
First, understanding the pressure-driven backflow caused by EOF is important, as this will have
an influence on the parabolic profile of the counterflow [54]. Second, the interplay between the
concentrated peaks and the sample dilution will have an interesting influence on electrohydro-
dynamic broadening [38].Third, it is important to study Joule heating, as the resulting density
gradients at the preparative scale will contribute to broadening. It is interesting to refer to re-
cycling IEF [45] [182], which is closely related to FFE. While this system addresses the slow
focusing in FF-IEF, its short buffer residence times minimized Joule heating, and the high flow
velocities minimized the natural convection caused by density gradients. For the high G, values
in FF-CGF, the flow velocities will also be high, and this may help counteract the Joule heating
caused by the high Pegp values. Furthermore, the continuous addition of flow from the sidewalls
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may provide additional cooling that should be considered.

Finally, there are some practical considerations for FF-CGF devices that deserve further at-
tention. In particular, the inflow from the sidewalls must be uniform along the length of the
chamber while maintaining a reasonable voltage drop across the chamber [164]. Maximizing the
voltage efficiency and minimizing Joule heating is especially important for high Pegp values.

4.5 Concluding Remarks

In this work, a 2D model was presented to understand peak dispersion in FF-CGF. Through nu-
merical simulation, the gradient number for the counterflow, G, was found to be particularly
useful for understanding how molecular diffusion and the counterflow gradient influence peak
shape. At small G, numbers (G, < 1), the solute distribution could be fitted with a skewed
Gaussian distribution. Working around G, = 0.1 will provide a high resolution with low peak
contamination and applied voltages, though the throughput will be limited. At large G, numbers
(Gx > 20), the peak shape changes dramatically, as there is a concentrated region that can be
fitted with a skewed Gaussian, followed by a long tail region. Working around G, = 100 will
provide a high resolution and throughput, though the peak contamination and applied voltages
will be large. Overall, driven by the promise offered by FF-CGF as compared to the existing
FFE techniques, the findings presented in this study are very useful for understanding and de-
veloping the technology further. Furthermore, the fitting parameters provided in this study can
provide a practical method for estimating peak behaviour and can be used during experiments to
deconvolute skewed peaks.
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Chapter 5

Investigating Peak Dispersion II: Electrodynamics

Tomasz Glawdel (Adjunct Professor in the Department of Mechanical Engineering, University
of Waterloo) assisted in the development of the analytical model for electroosmotic flow.

5.1 Introduction

The purpose of this chapter is to continue the investigation on peak dispersion in FF-CGF by
accounting for the electroosmotic flow (EOF) in the system. First, various models will be pre-
sented to demonstrate how EOF impacts the counterflow velocity profile and the resulting solute
dispersion. Then, experimental results will be presented to observe the influence of EOF in
practice.

5.1.1 Motivation

EOF is a well-known phenomenon that arises in electrophoresis due to the formation of a nonuni-
form ion distribution near the charged wall of a capillary or microchannel [183]. This thin layer
is often referred to as the electric double layer because it consists of an immobile and mobile
phase, and it has net charge that is opposite to that of the solid surface. In the presence of an
electric field, a force is exerted on the mobile layer which generates a viscous drag on the bulk so-
lution, and this produces the EOF. The resulting velocity profile is relatively flat, and it is used in
combination with electrophoretic velocity to determine the migration of different solutes. Conse-
quently, EOF is an important parameter for predicting separation performance in electrophoretic
devices, and it depends on a number of factors including pH, ion concentration, viscosity, and
surface composition [56] [184].
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In free-flow electrophoresis (FFE), understanding EOF is particularly important because it
can also influence peak dispersion [39]. In a traditional FFE device, EOF moves in the direction
of the electric field, and it is blocked at the sidewalls due to the presence of the ion-exchange
membranes [38]. As a result, a pressure-driven backflow is created to counterbalance the EOF,
and it has a parabolic velocity profile that can impact lateral migration distance [22]. This leads
to electrodynamic dispersion, and the resulting solute distortion is similar to the hydrodynamic
dispersion caused by the parabolic velocity profile of the carrier medium. Moreover, in FFZE
there is an interplay between these two broadening sources, and electrodynamic dispersion can
either increase or decrease the impact of hydrodynamic dispersion depending on the direction
and magnitude of EOF [54]. Therefore, EOF should be carefully considered when optimizing
the separation resolution in FFE. In practice, it is also possible to alter or suppress EOF with wall
coatings and buffer additives that manipulate the surface charge and local viscosity [37] [185].
Furthermore, some FFE designs have managed to implement an open sidewall design in an effort
to avoid EOF blockage [90].

In free-flow counterflow gradient focusing (FF-CGF), the impact of EOF on peak dispersion
deserves further investigation. Contrary to traditional FFE, the pressure-driven backflow is not
created due to EOF blockage at the sidewalls. Instead, it is generated in the presence of EOF
to maintain the fixed inflow rates at the sidewalls. In this study, EOF and its pressure-driven
backflow will be considered in combination with the counterflow to predict the overall velocity
profile in the lateral direction. Then, this updated velocity profile will be included in the pre-
viously derived FF-CGF dispersion model to understand the impact of EOF. Interestingly, its
presence does not influence the average focal point of a solute, but it can significantly alter the
shape of the parabolic profile and the resulting solute dispersion. Finally, preliminary experimen-
tal results will be discussed in the context of EOF, and then a framework for future validation of
the FF-CGF dispersion model will be provided.

5.2 Modeling Electroosmotic Backflow

The purpose of this section is to reconsider the derivation of the velocity field and focusing
mechanism in the FF-CGF separation chamber when accounting for EOF and its pressure-driven
backflow. Then, the convection-diffusion model will be updated to predict solute dispersion
under these conditions. For this exercise, recall that L is the chamber length, 2b is the cham-
ber width, and 24 is the chamber height. In addition, schematics of the FF-CGF chamber are
presented in Fig. 5.1 and Fig. 5.2.
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5.2.1 Velocity Field

For an FFE chamber with an electric field (E) applied in the x-direction, the corresponding EOF
velocity can be written as [186]:

Ugor = HporE (5.1)
where UgoF is the electroosmotic mobility. Note that the electroosmotic mobility can be written
as [186]:

&-€0¢
n
where ¢ is the permittivity, 1) is the viscosity, and { is the zeta potential, which is related to the
ion distribution at the microchannel surface. When considering the addition of the counterflow
velocity in an FF-CGF chamber, the average fluid velocity in the x-direction can be represented
as:

UEOF = — (5.2)

(u) = (up) + (ugor) (5.3)
where (up) is the pressure-driven flow component and (ugor) EOF component. Now, recall from
Chapter 3.2 that the x-velocity was derived to be:

= (-5

Note that up and u are the x-velocity inputs along the length of the chamber at x = —b and x = b,
respectively. In practice, uy and u; represent the fixed inflow rates at the sidewalls, and they are
controlled by positive displacement pumps (i.e. syringe pumps). In the presence of EOF, the
pressure is inherently adjusted to maintain these inflow boundary conditions, and this leads to
the pressure-driven backflow. Mathematically, this is demonstrated by substituting Eq. 5.4 into
Eq. 5.3 and rearranging for (up):

(up) = ! <—Mx+u0+u1) — (ugor) (5.5)

x—i—uo—l—ul) 5.4

2 b

where the first term represents the pressure-driven flow from the pump and the second term
represents the pressure-driven backflow due to EOF. Note that this can then be simplified to the
more familiar form when the gradient is symmetric (ug = —uy):

(up) = =V (u)x = {ugor) (5.6)

where V(u) = ug/b represents the x-velocity gradient. Finally, substituting Eq. 5.6 back into
Eq. 5.3, and assuming the pressure-driven flow is constrained to a parabolic profile in the y-
direction, the x-velocity of the fluid flow can be written as:

2

3 3 2
u(x,y) = —§V<M>x (1 — ;)7) ~ 5 UEOF (1 - ;}7) ~+ UEOF (5.7)
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where the first term represents the counterflow, the second term represents the pressure-driven
electroosmotic backflow, and the third term represents the EOF. Note that EOF and its pressure-
driven backflow are in opposite directions. Also, the parabolic profile of the electroosmotic
backflow can either increase or decrease the parabolic shape of the counterflow velocity depend-
ing on the direction and magnitude. This is demonstrated in Fig. 5.1, which shows a vector field
of each individual term seen in Eq. 5.7, as well as a combination of the three.

5.2.2 Focusing Mechanism

When a mass particle is injected at the top of the chamber at x = 0 and z = 0, the electrophoretic
velocity is given as:
ugp = UgpE (5.8)

where Ugp is the electrophoretic mobility. Now, by combining Eq. 5.7 and Eq. 5.8, the total
x-velocity of the mass particle can be written as:

3 y2 3 y2
uT(x,y) = —§V<u>x 1— ﬁ — EuEOF 1— ﬁ ~+ UEQOF + UEP (59)

Interestingly, by calculating the area-averaged velocity of Eq. 5.9, it can be seen that the EOF
terms will cancel each other out:

(ur) = —V{(u)x — (ugor) + (uror) + (uep) (5.10)

Therefore, when setting (ut) = 0 and solving for x, it can be seen that the average focal position
in FF-CGF remains unchanged despite the presence of EOF:

(5.11)

This result also implies that the average x-position during transit through the FF-CGF chamber
stays the same, and recall that it has been previously derived in Chapter 3.2 as a function of z:

1
(x) = V”Z; (1 . (1 n ZSZZ) ) (5.12)

where (w) is the initial z-velocity at z = 0. However, when solving for the focal position along
the height direction, EOF does have an influence due to the parabolic profile of the electroosmotic
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Figure 5.1: a) The cross-section of an FF-CGF chamber along with the focal position of different particles
along the height direction. b) The corresponding x — y flow field of the fluid velocity and electrophoretic
velocity.

backflow. By shifting the coordinate system of Eq. 5.9 to x = (x) s+ x and then setting ut(x,y) =
0, the overall focal position can be written as:

V{(u) 3

2 2\ !
:uEOF+uEP < ;’ZZ) 1 (5.13)

The above equation is an important result that illustrates how the direction and magnitude of EOF
can impact the curvature of the focal position, and various examples are shown in Fig. 5.1a. For
example, there will be no curvature when ugp = —ugor, and this represents the position where
the parabolic terms nullify each other.

5.2.3 Centerline Position

Eq. 5.13 also demonstrates how EOF can shift the centerline position (y = 0) of a particle, and
this can influence the skew of the solute distribution. Furthermore, it will shift the position of the
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peak when operating at higher gradient strengths (G, > 5). Therefore, it is worth exploring the
centerline position further by evaluating Eq. 5.9 at y = 0:

3 1
ur(x,0) = —EV(u)x— EMEOF—FMEP (5.14)
Now, by setting ut(x,0) = 0 and then solving for x, the focal position at the centerline is given

as:
_ 2upp — ugoF

e = T3V W)
In order to determine the centerline x-position during transit through the FF-CGF chamber, recall

that Eq. 5.14 can be written as a differential equation by setting u(x,0) = dx/dt, and the solution
is:

(5.15)

2ugp — UEOF ( 3v(

Xe=——=——|(1—€2 “>t>
‘ 3V{(u)

The residence time has been derived in a previous study as a function of y and z, and remains

unchanged in the presence of EOF because the z-velocity is independent of ugop. Therefore, at

the centerline (y = 0) the residence time can be written as:

= 3V2<u> In (1 n Zil;z z) (5.17)

The above equation can then be substituted into Eq. 5.16 to solve for the x-position at the center-
line as a function of z, and the result is:

2upp —u Vi) \ !
xcz%o—(wmz) ) (5.18)

Note how Eq. 5.18 compares to Eq. 5.12. Both equations are plotted in Fig. 5.2 for different
ugp values, and they provide some useful information. First, these lines can help predict the
location of the solute peak depending on the strength of the gradient. Second, the distance
between the two lines is representative of the solute dispersion, and it is smaller for ugp values
closer to ugp = —ugog. Third, the position of the centerline relative to the average focal position
helps illustrate the direction of the skew. Finally, Eq. 5.12 and Eq. 5.18 are equivalent when
ugp = —ugoF, and this is the location of the most concentrated peak.

(5.16)
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Figure 5.2: a) The average focal position (x) s and the centerline position x, for charged particles moving
through an FF-CGF chamber. The corresponding solute distributions when b) G, = 0.1 and ¢) G, = 100.

5.2.4 Solute Dispersion Model

The influence of EOF on the actual solute distribution in the x — y plane can be determined by
using Eq. 5.9 in the convection-diffusion equation [54]:

dc 3 v\ de 3 dc dc dc
E‘§V<”>X<1‘ﬁ)£‘§”EOF(1 h2>8 FUEOr G P O
82 %c [3 y?
8 2—|—Da 2—1—[ V{u) <l—ﬁ)c}

where c is the solute concentration and D is the diffusion coefficient. Once again, note that the
square bracket term appears because the counterflow velocity depends on x, and it is included
as a reaction rate term in numerical simulations to avoid a concentration sink. Also, the time
dependence is included to monitor the evolution of the focusing mechanism. Finally, it is helpful
to apply a shifted coordinate during numerical simulations depending on the gradient strength.

(5.19)
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Small Gradient Regime

In this regime (G, < 1), the majority of the solute is concentrated at the average focal position,
and therefore the shifted coordinate of x = (x) s +x is applied:

dc 3 v\ dc 3 y? dc

d%c 2% [3 y?

(5.20)

Then, the above equation can be written in its dimensionless form when t* = Dr/ h?, x}i =Xxr /h,
y* = y/h, Gy = V{(u)h? /D, Peg = (ugor + ugp)h/D, ¢* = ¢/co, and cy is the initial solute con-

centration: 5 ; 5 ; 3
c* 2\ dc* 2 c*

% _ 26 1—*) P 1—-(1—*)
o+ 2Gxxf( Y ) o T rew ( 2\ ) Ix;

9%c*  d*c* [3 2
— K}kfz—FW—‘_ |:§Gx <1—y* )C*:| .
Note that this is the same result as the previously derived FF-CGF model in Chapter 4.2.2, except
the Péclet number is no longer Pegp = ugph/D, and now includes ugop as well. Therefore, the
above equation now accounts for the total electrokinetic velocity, and it is an important differ-
ence because EOF can have a significant influence on solute dispersion. For example, Fig. 5.2b
shows the solute distributions corresponding to the trajectories in Fig. 5.2a when G, = 0.1. On
the right side of the chamber, the solute dispersion is reduced in the presence of EOF because
Pep < Pepp, and this represents the electroosmotic backflow suppressing the dispersion caused
by the counterflow. Meanwhile, the solute dispersion is increased on the left side of the chamber
because Peg > Pegp, and this signals that the electroosmotic backflow and the counterflow are in
the same direction.

(5.21)

Large Gradient Regime

In this regime (G, > 20), the solute becomes highly concentrated at the centerline, and therefore
the shifted coordinate of x = x . + Xy is more appropriate:

dc 3 2\ dc y? dc

(5.22)
d%c 9%c [3 y?
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Note the importance of including the EOF term with the shifted centerline position due to the
parabolic profile of the backflow. Then, the above equation can be written in its dimensionless
form as:

ac* 3, L2\ dc* L2ac*
or _EGxxf<1_y >8x* PRy S
f f
e P 3 (1 *2) * o
= —_— _— —_ — C .
axi oyt (27 '

Once again, this is the same result as the previously derived FF-CGF model in Chapter 4.2.2, ex-
cept the Péclet number now encompasses the total electrokinetic velocity. Furthermore, Fig. 5.2¢
shows the solute distributions corresponding to the trajectories seen in Fig. 5.2a when G, = 100,
and the impact of EOF on dispersion is similar to what was discussed in the small gradient
regime. Note that the influence that EOF has on the skew of the distribution is more noticeable
at higher G, numbers because convection is the dominant transport mechanism. Also, with EOF
present the sharpest peak will be at Peg = 0 rather than Pegp = 0, and this indicates that charged
solutes can be focused here. Consequently, the experimental parameters for EOF can potentially
be tuned to maximize the resolution and purity of a given solute.

5.3 Experimental Section

The goal of the experimental portion of this study is to observe the dispersion of common proteins
in a G, range between 0.1 and 1. Therefore, this section will provide an overview of the protocols
used to achieve this task with the original FF-CGF prototype in Chapter 3.4.2.

5.3.1 Materials

All chemicals were purchased from Sigma-Aldrich. The electrode buffer consisted of 445 mM of
Tris and 445 mM of boric acid, with the pH adjusted to 8.4 using an HCI solution. This was then
diluted to 89 mM of Tris and 89 mM of boric acid for the buffer counterflow pumped through
the sides of the separation chamber. The protein solution was prepared in the separation buffer,
and it consisted of bovine serum albumin (BSA), hemoglobin (Hg), and cytochrome ¢ (Cyt C).
The concentration of each protein was 50 mg/mL, and the BSA was labeled with bromophenol
blue at a 1:1 molar ratio.

78



5.3.2 Device Fabrication

The FF-CGF device was fabricated using a multilayer soft lithography technique outlined in
Chapter 3.4.2. Briefly, the silicon master mold had a 40 mm x 18 mm separation chamber with
a target height of 100 um, while the microchannels supplying the counterflow from the side
chambers had a target height of 10 pm. The PDMS was prepared with a 10:1 ratio of base to
curing agent and then baked for 3 h at 95°C. Finally, two 75 mm x 50 mm glass slides were
bonded to the top and bottom of the PDMS using oxygen plasma with a power of 29.6 W at
500 mTorr for 1 min. The top layer was bonded first, and its purpose was to prevent the wide
chamber from sagging.

5.3.3 Electrode Device

The device connecting the electrodes to the side chambers was upgraded since Chapter 3.4.3.
While the ion exchange membrane remains the same (Nafion 117, FuelCellStore), the housing
was changed from PDMS to PMMA because this material allows the device to be more durable.
The layout of the device remains the same, and the different PMMA layers were prepared with a
laser cutter (VLS2.30, Universal Laser Systems) before being bonded together with double-sided
tape (ARcare 90106, Adhesives Research). Furthermore, a barbed plastic fitting (McMaster Carr)
was used to connect the electrode device to the PDMS chip, and this facilitated a simpler and
more reliable setup. Finally, the buffer and current inlets were decoupled in order to separate the
buffer inflow from the effects of ion concentration polarization (ICP) at the membrane, and this
enabled the use of significantly higher currents (from 400 pA to 1900 pA).

5.3.4 Experimental Setup

Syringe pumps (Pump 11 and Pump33, Harvard Apparatus) were used for the sample and buffer
flow, while a high voltage supply (HVS448-3000, LabSmith) was used to supply the electric
field. A constant current mode was used to adjust for voltage changes that may arise in the
electrode device due to ICP, Joule heating, and bubble formation. Another improvement from
the previous setup involved device preparation, which can be challenging due to bubbles that get
trapped in the separation chamber. It was found that bubbles could be avoided by slowly loading
the buffer from the sample inlet, and blocking all ports except the outlet. After slowly filling
the separation chamber and outlet channels, the remaining inlets were unblocked to allow the
microchannels and side chambers to fill. Then, the syringe pumps and electrode devices were
properly fastened without introducing bubbles during connection.
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Table 5.1: Experimental flow rates and the corresponding G, values for each protein.

Side Flow Sample Flow CytC Hg BSA
Rate [uL/min] | Rate [puL/min] Gy Gy G,

6.5 0.05 0.05 0.11 0.12

16.0 0.10 0.11 0.27 0.30

32.5 0.15 0.23 0.54 0.61

48.5 0.20 0.34 0.81 0.91

5.3.5 Experimental Parameters

The flow rates were chosen based on the goal of operating in the G, range between 0.1 and 1. Re-
call that G, = V{(u)h? /D, so both the diffusion coefficient and the velocity from the sidewalls are
needed to approximate this value. The diffusion coefficients have been obtained from previous
studies at similar pH values, and they are 6.15 x 10~/ cm? /s for BSA [187], 6.9 x 10~/ cm?/s
for Hg [187], and 1.65 x 1076 cm? /s for Cyt C [188]. The velocity from the sidewalls (i) can be
calculated from the buffer flow rate (Q) by assuming that up = Q/(2hL), with 2hL representing
the cross-sectional area of the inflow. Therefore, the buffer flow rates and the corresponding G,
values are shown in Table 5.1. The sample flow rate is also shown for each G, value, and these
values were chosen to maintain protein visibility while allowing for sufficient focusing.

5.3.6 Peak Measurements

Images of the separation were analyzed using ImageJ software. First, the image is inverted to
measure the gray scale intensity, and the smooth feature is used to remove the noise. Then, a
region in the lower half of the chamber is highlighted to acquire the intensity profile across the
chamber. The exact size and location of this region depends on the image, and it must ensure that
there is no significant deviation in focal position due to nonidealities in the counterflow gradient.
Finally, a custom MATLAB script is used to adjust the baseline and identify the peaks. Note
that the edges of the separation chamber are also identified, and their locations help calibrate the
width of the chamber.
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5.3.7 Peak Fitting

Once the peaks have been identified, it is helpful to fit them with an exponentially modified
Gaussian (EMG) function [177] [178]:

2
1 1 o2 UG+ 26 —x
— —exp | — (2pg+ ¢ 2 o) (A 5.24
fEMG 2TGXP(ZT(,UG+T X)>><erc Jaon (5.24)

where [ is the mean position of the Gaussian component, G is the standard deviation of the
Gaussian component, 7 represents the decay rate of the exponential component, and erfc is the
complementary error function. The first moment of M| = ¢ + T represents the mean position
of the peak, while the second moment of M, = 0'(2; + 72 represents the variance of the peak, and
both of these parameters are helpful for understanding peak dispersion [179]. For example, the
first moment is used to determine (x) s, which is measured relative to the focused peak when no
electric field is present.

5.3.8 Electric Field Measurement

The electric field is an important property that is difficult to measure in the current version of FF-
CGF. For one, the effective voltage across the separation region will be different from the applied
voltage at the electrodes, and most of the loss is due to the large resistance of the microchannels.
In addition, the ion exchange membranes will polarize and create enriched and depleted ion
regions that can alter the voltage in a way that is difficult to measure. This can also cause Joule
heating and bubble formation which may influence the voltage loss in an unpredictable manner.
Therefore, it is helpful to measure the electric field with a reference solute that has a known
electrophoretic mobility. Then, recognizing that (x) s = ugp/V (1), with V(u) determined by the
flow rates and (x) ; measured from the fitted EMG curve, ugp can be approximated. This value
can then be used along with the reference mobility to estimate the electric field (see Eq. 5.8).
Note that (x) is independent of EOF, so knowledge of its properties are not needed for the
calculation. For this study, BSA was chosen as the reference protein because a previous FFE
study with a similar separation buffer measured its electrophoretic mobility to be —1.7 x 10~
cm? /Vs [39]. As a final consideration, it is assumed that the conductivity of the focused solutes
does not alter the electric field across the chamber.
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5.4 Results and Discussion

This section will present preliminary results from the original FF-CGF device, and discuss its
protein separation in the context of EOF and the dispersion model. While the current experi-
mental setup only allows for coarse peak measurements, it provides a helpful qualitative under-
standing of dispersion. Furthermore, this study can be used as a guide for designing improved
FF-CGEF devices, and serves as a framework for future experimental validation.

5.4.1 Preliminary Experimental Observations

Fig. 5.3 shows the separation of BSA, Hg, and Cyt C at different G, numbers, and it is helpful to
observe electrodynamic dispersion over the entire separation region. In general, the correspond-
ing peak measurements illustrate a trend for G, and Peg that appears to agree with the previ-
ous investigation on FF-CGF peak dispersion. For G,, the peak width remains relatively stable
around 0.1, but as Gy goes beyond 0.5 and approaches 1, the peaks begin to disperse rapidly.
This is especially true for BSA, which exhibits significant smearing in Fig. 5.3c and 5.3d. On
the other hand, the G, value for Cyt C remains below 0.5 due to its higher diffusion coefficient,
and therefore its peaks appear to maintain their Gaussian shape. For Peg, as this value increases
with current, there is clearly an increase in peak dispersion as well, and this is consistent with
the previous numerical investigation.

In terms of electrodynamics, it is interesting to speculate the strength of EOF based on the
results presented in Fig. 5.3. For BSA, a peak tail begins to emerge on the right side of the curve
for higher G, values. Referring back to Fig. 5.2, this implies that counterflow is opposing the
EOF backflow, and indicates that the magnitude of EOF mobility is less than the electrophoretic
mobility of BSA. For Hg, it does not experience significant peak tailing even at higher G, values,
and this implies a Peg value closer to O because the counterflow and EOF backflow are negating
each other. Therefore, since the electrophoretic mobility has been reported to be —1.7 x 10™4
cm?/Vsand —3.9 x 107> cm? /Vs for BSA and Hg [39], respectively, the qualitative observations
suggest that the EOF mobility is closer to 3.9 x 107> cm?/Vs, which is quite low. For Cyt C, the
dispersion appears to be relatively stable despite the counterflow and EOF backflow being in the
same direction on that side of the chamber, and this also suggests a low EOF mobility.

In reality, the EOF mobility of PDMS/glass chips tends to be unpredictable because the
surface properties of PDMS can vary depending on the fabrication procedure. With that said,
the zeta potential of a glass/PDMS microchannel with an 89 mM Tris-borate solution has been
reported to be -52.4 mV [186]. Referring back to Eq. 5.2, and assuming a relative permittivity of
80 and a viscosity of 0.001 Pa s, the EOF mobility is estimated to be 3.7 x 10~% cm?/Vs. This
magnitude is greater than the electrophoretic mobility of BSA, which potentially invalidates

82



300 yA 400 pA

a) CytC . { 30
G, ~0.05 _ e Hg  BSA
320
Hg > Mw‘kwﬁj\/\\foo |.|A
Gy ~0.11 2 BSA
£ 10
BSA = k hemw 300 pA
Gy ~0.12 ol -
5 0 5
b 400 pA 600 pA x-postion [mm]
) CytC L ‘ 30
G, ~0.11 c H
_ ytC 9  BsA
Gy ~0.27 é , oc M9 Bsa
BSA /U\/\M 400 pA
Gy ~0.30 e —— —
5 0 5
700 |JA 1209 |JA x-postion [mm]
c) CytC ! : 30
GX ~ 023 —_ Cth Hg BSA
Hg 20 wzoo HA
Gy ~ 0.54 z
£10 cytC Hg gsa
BSA 700 pA
Gy~ 0.61 0 -
5 0 5
d 900 pA 1900 pA x-postion [mm]
) CytC t \ 30
Gy ~0.34
320 K Ho  BSA 1900 pA
Hg > | BANZZRRN
G, ~ 081 3
E 10 CytC Hgpgsa
BSA 900 pA
Gy ~ 091 ol
5 0 5

X-postion [mm]

Figure 5.3: The separation of Cyt C, Hg, and BSA at various G, values, and their corresponding peak
measurements.

some of the previous qualitative observations. One possible explanation for the discrepancy may
be due to the coarse peak measurement, which makes the baseline adjustment difficult, and may
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exaggerate the presence of a peak tail. Alternatively, the peak tail may be caused by the blue dye
disassociating from BSA at higher currents due to the increase in Joule heating. Or, it may be
simply due to the inconsistencies of the PDMS surface chemistry, and the EOF mobility is lower
than anticipated. Overall, this demonstrates the difficulty of comparing the current experimental
setup to the numerical model.

5.4.2 Measured Parameters

To quantify dispersion, the peaks can be fitted with the EMG function from Eq. 6.1, and the
resulting parameters along with the moment equations can then be used to determine the average
focal position (x) r and the standard deviation ¢ of the peak (see Section 5.3.7). The values are
shown in Table 5.2, and they can be used to estimate the electric field E assuming a reference
mobility of tgp gsa = —1.7 X 104 cmz/Vs is used for BSA (see Section 5.3.8) [39]. Then, the
electric field and (x) ; = ugp/V (1) can be used to estimate the electrophoretic mobility of the
remaining proteins (see Eq. 5.8). Compared to a previous study which measured the mobilities
of Hg and Cyt C to be Ugp, ge = —3.9 x 107> cm? /Vs and Ugp, cyic = 1.64 x 107 cm? /Vs [39],
the results presented in Table 5.3 appear to be reasonable. There is some variation in Ugp Hg, and
one possible explanation may be due to Joule heating and electrolysis, as the reference mobility
does not account for changes in temperature or pH. The effects of Joule heating are particularly
evident due to the nonlinear behaviour of the current and electric field seen in Table 5.3 as G,
increases.

Note that the applied voltage and electric field shown in Table 5.3 can be used to help estimate
the voltage efficiency across the chamber. For example, at an applied voltage of 463 V and an
electric field of -4.7 V/cm, this corresponds to a voltage efficiency of 1.8% across the 1.8 cm
separation region, which is reasonable given the large voltage drop across the microchannels.
As the applied voltage and electric field increase to 650 V and -8.3 V/cm, respectively, the
voltage efficiency reduces to 1.3%, and this is potentially caused by the increased resistance
at the ion exchange membranes due to ICP [59]. Finally, note that under ideal conditions the
measured values for ¢ in Table 5.2 could be compared to the previous numerical investigation
to approximate a value for Peg, and this could then be used along with tigp and E to estimate
the electroosmotic mobility. However, this is difficult in practice because the model does not
account for the inevitable rise in temperature, and the quality of the peak measurements leads to
Peg estimates that are inconsistent.
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Table 5.2: Fitted EMG parameters for the peaks at different G, values.

Cyt C Hg BSA
G (x)y[mm] o[mm]| G; (x)y[mm] o[mm]| G, (x);[mm] o [mm]
2. . 1.1 2 2. .
0.05 3 0.30 0.11 0.28 0.12 6 0.36
4.2 0.41 1.7 0.38 4.7 0.48
011 2.0 0.32 0.27 1.1 0.29 0.30 2.6 0.40
34 0.36 1.5 0.34 4.2 0.71
0.23 2.2 0.31 0.54 0.7 0.29 0.61 2.2 0.53
3.5 0.40 1.3 0.32 4.2 0.84
2.3 0.28 0.4 0.23 0.44
0.34 0.81 0.91
-3.8 0.35 0.9 0.34 4.3 0.95
Table 5.3: Estimates of electric field and electrophoretic mobility.
Cyt C Hg BSA
Current [uA] | Voltage [V] | E [V/em] | ugp [cm?/Vs] | pgp [em?/Vs] | ugp [cm?/Vs]
300 463 4.7 1.5x10°% —72x107% | —=1.7x10~*
400 650 -8.3 1.5x10°* —6.1x107° | —1.7x107*
400 572 -11.1 1.3x1074 —72x1072 | —1.7x10~*
600 862 -18.3 1.4x10°4 —62x107° | —1.7x107%
700 854 -19.8 1.7x 1074 —51x107° | —=1.7x10~*
1200 1284 375 1.4x10°* —51x107% | —1.7x10~*
900 946 249 2.0x 1074 —35%x1072 | —1.7x10~*
1900 1780 -56.2 1.5x10°4 —34x107° | —1.7x10~*

5.4.3 Comparison to Numerical Model

To gain further insight into the validity of the EOF dispersion model, it is helpful to compare
the numerical simulations to the experimental peak measurements. For this exercise, the G,
conditions presented in Fig. 5.3 can be simulated in COMSOL v5.6 using Eq. 5.21 (See Chapter
4.3.2). Recall that Peg = (ugoF + ugp)h/D, where ugp is determined from Table 5.3. Also, note
that the EOF mobility of the glass/PDMS chip is assumed to be pgop = 3.7 x 10~% cm?/Vs.
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Figure 5.4: Comparison of the experimental peak measurements to the numerical simulations of the
dispersion model assuming pgor = 3.7 x 10~* cm? /Vs. From left to right, the peaks represent Cyt C, Hg,
and BSA. From bottom to top, the applied currents are a) 300 pA and 400 pA, b) 400 pA and 600 pA, c)
700 pA and 1200 pA, and d) 900 pA and 1900 pA.

Finally, the shifted coordinates are applied using the (x) ; values seen in Table 5.3. Altogether, the
results are presented in Fig. 5.4, and their comparison to the experimental peaks are reasonable.

According to Fig. 5.4a, the simulated peaks appear to be in agreement with the experimental
data, and this outcome suggests that the dispersion model is a useful tool for predicting sepa-
ration performance. Furthermore, the importance of accounting for EOF is evident, and this is
especially true when EOF is significant. For example, the success of the model indicates that
the EOF mobility is indeed around pgop = 3.7 x 10~% cm?/Vs, and this is greater than the elec-
trophoretic mobility of each protein in terms of magnitude. Consequently, the Peg values for Hg
and BSA are negative even though they are focused on the right side of the chamber. Moreover,
their Peg values are relatively large, and this implies that a strong EOF backflow is opposing
the counterflow in this region. Importantly, this results in dispersion that is larger than expected
when compared to the situation where no EOF is present. Likewise, the Peg value for Cyt C is
much larger than expected in the presence of EOF, and this also leads to unnecessary dispersion.
Therefore, EOF should be carefully considered in FF-CGF, and in this situation, it should be
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suppressed to improve resolution.

According to the rest of Fig. 5.4, there appears to be less agreement between the numerical
model and the experimental data. In Fig. 5.4d, the difference becomes clear as the simulated
peak widths for Cyt C and Hg are significantly greater than the experimental peaks. The reason
for this inconsistency is unknown, but one plausible explanation would be due to the effects
of Joule heating, which are likely present in Fig. 5.4d because of the increased currents. In
traditional FFE, Joule heating induced dispersion has been modeled previously [57], and there
is an increase in diffusion along the height direction at higher temperatures that reduces the
dispersion caused by the parabolic flow profile. In FF-CGEF, there is likely a similar outcome
occurring as the current increases in Fig. 5.4. Essentially, this lowers the actual G, value to a
range that is less impacted by the dispersion from the counterflow, and perhaps this is why the
experimental peak widths are smaller than expected. In addition, due to the continuous inflow
from the sidewalls, the middle of an FF-CGF chamber is likely to have a higher temperature, and
this could explain why Hg experiences less dispersion than BSA despite them having similar G,
values. It should be noted that the increased temperatures will also have an impact on factors
like viscosity, electrophoretic velocity, and EOF, but this becomes more complicated to model
in terms of the expected Peg value [57] [56]. Altogether, it is interesting to speculate that Joule
heating will improve resolution in FF-CGF, but this should be treated with caution as increased
temperatures can also have detrimental effects such as natural convection, current instability, and
protein denaturation.

5.5 Future Considerations

In the end, the experimental results provide a useful qualitative understanding of EOF and the re-
sulting solute dispersion, but several improvements are needed to validate the numerical models.

5.5.1 Peak Measurements

One potential improvement involves the quality of the peak measurements. Although it is helpful
to view the separation over the entire chamber, a fluorescence microscope that can focus on spe-
cific regions is better suited for high quality peak measurements. Preliminary experiments have
explored the separation of common dye molecules such as fluorescein and rhodamine B [189],
but this has created other challenges such as adsorption to the PDMS surface. In addition, the
dye molecules have a lower diffusion coefficient, so it is difficult to achieve higher G, numbers
without excessive Joule heating. Therefore, future experiments should consider separating pro-
teins that are labeled with a fluorescent dye. Moreover, it would be interesting to test analytes
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with lower diffusion coefficients, as this would be a convenient way to study higher G, values
without pushing the limitations of the electric field.

5.5.2 EQOF Suppression

Another parameter that would be interesting to study during the investigation on electrodynamic
dispersion would be the strength of the EOF. For example, the EOF can be suppressed in order
to observe the impact on peak dispersion, as this may offer some benefit in terms of separation
resolution. Alternatively, the EOF could be tuned with dynamic coatings to achieve a Peg value
close to O for a specific protein, as this will maximize the resolution around that point (see
Fig. 5.2). Preliminary efforts to suppress EOF with 0.1% (w/v) 2-hydroxyethyl cellulose (HEC)
have been unsuccessful [31], as there was no noticeable reduction in peak dispersion. The use
of a 1% (w/v) polyvinylpyrrolidone (PVP) solution was also explored [189], but it appeared
to interact with the bromophenol blue used to label BSA, and this created an large peak tail.
Therefore, it is important to identify a coating that can suppress EOF while avoiding interactions
with the proteins. Note that dynamic coatings may also have an influence on the separation
parameters such as viscosity, diffusion, and electrophoretic mobility [190]. These changes must
be considered in the dispersion model, and it will make a direct comparison between the results
with and without EOF difficult.

5.5.3 Device Design

The most pressing concern for improving the experimental results is related to the FF-CGF de-
vice. For one, the surface properties of PDMS lead to inconsistencies with EOF, and it is prone
to unwanted surface absorption of some dye molecules. Second, the success rate for building a
device with a uniform counterflow gradient is low, and this is assumed to be caused by a combi-
nation of blockage in the microchannels and nonuniform chamber heights due to PDMS sagging.
Third, a better strategy for voltage efficiency and heat dissipation is needed to increase the elec-
tric field range and minimize the effects of Joule heating induced dispersion. A logical next step
for improving upon most of these issues would be to change from a PDMS device to one that is
made of PMMA, as this material is commonly used in FFE due to its consistent surface properties
and structural integrity [88]. However, it is difficult to fabricate microchannels in PMMA with a
height of 10 pm, so another method is needed to generate the uniform counterflow gradient.

88



5.5.4 Additional Modeling

Finally, there are several other interesting areas of physical modeling that deserve further ex-
ploration in FF-CGF. The most significant is Joule heating, which is different than traditional
FFE devices because of the continuous addition of counterflow from the sidewalls. This is likely
to create a temperature gradient in the x-direction, which makes Joule heating induced disper-
sion dependent on the focal position. Going a step further, the interplay between Joule heating
and solute dispersion should be studied, as this will influence molecular diffusion, viscosity,
electrophoretic mobility, and EOF [57]. Altogether, this would require a more complicated ex-
perimental setup for validation, but it would provide a better understanding of the separation
method.

5.6 Concluding Remarks

In this study, an analytical model was provided to account for the presence of EOF in FF-CGF.
Notably, EOF induces a pressure-driven backflow across the separation chamber to maintain the
fixed counterflow inputs at the sidewalls. As a result, this can alter the parabolic velocity profile
in the lateral direction, and although it does not affect the average focal point, it can impact the
centerline position and dispersion of a solute. With that said, EOF does not alter the FF-CGF dis-
persion model significantly, and it simply requires the Pe number to consider the electroosmotic
velocity in addition to the electrophoretic velocity. Interestingly, this suggests that the EOF prop-
erties can be tuned to optimize the separation resolution for a given solute. Finally, preliminary
experimental observations were provided based on the separation of common proteins, and there
appears to be agreement with the numerical model at lower G, values. However, as G, increases
there are likely some Joule heating effects that need to be considered in the future.
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Chapter 6

Improving Device Design I: Preparative Scale

6.1 Introduction

The purpose of this section is to provide an improved understanding of how to design an FF-CGF
device, and explore alternative fabrication protocols to improve device performance. Along the
way, there will be an emphasis on strategies for scaling up the device for preparative protein
purification.

6.1.1 Motivation

Protein purification is a challenging process for life science research and the pharmaceutical
industry [18]. For several decades, FFE has been used to separate and collect large quantities
of proteins from complex biological mixtures. In preparative scale FFE, the sample flow rate
is usually around 5 mL/hr for a throughput of about 1 mg/hr, and it is particularly useful for
proteins that are prone to irreversible absorption, sedimentation, or denaturation [99] [81] [191].
Unfortunately, several technical challenges persist which have limited the widespread use of FFE
at this scale [22]. Previous chapters have shown that FF-CGF can improve upon some of the
issues associated with traditional FFE techniques, and therefore it is worth exploring its potential
for preparative purposes.

In FFZE, many of the strategies for increasing sample flow rate also lead to a reduction in
separation resolution [22] [53]. For example, one option is to increase the buffer velocity, but
this will also increase hydrodynamic dispersion, and solute bands may not have sufficient time
to fully resolve before exiting the chamber. A second option is to increase the sample injection
width, but this will have a direct influence on solute bandwidth. A third option is to increase
the chamber height, but this will reduce heat dissipation while also increasing hydrodynamic
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dispersion and the influence of buoyancy effects [39]. Finally, peristaltic pumps are often needed
when handling large volumetric flow rates, and their inherent pulsations can disrupt the trajectory
of the solute band [83].

As an alternative method, FF-IEF is frequently used because it can alleviate some of the tech-
nical limitations associated with FFZE [22]. For example, in addition to counteracting molecular
diffusion, its focusing mechanism eliminates hydrodynamic dispersion caused by the parabolic
profile of the buffer velocity, and enables larger sample injection widths [43] [50]. Moreover, it
can help restore unwanted displacements due to pulsations. With that said, FF-IEF introduces
new technical challenges at the preparative scale that limit sample throughput. For one, the large
volumetric flow rates require large quantities of carrier ampholytes to generate stable pH gradi-
ents, and this can increase costs and require further processing to remove them from the purified
sample [47]. Another issue is that the electrophoretic velocity approaching the pl is often slow
because many proteins have a small net charge around this point, and this can result in long fo-
cusing times that restrict buffer velocity [44]. Likewise, carrier ampholytes lose their charge as
they establish a pH gradient, and this can also contribute to long focusing times and reduce the
current in the system [44] [41]. A final concern is that there may be unwanted band distortion
at this scale because the pl can lead to poor solubility, and cause buoyancy issues due to local
gradients in concentration, conductivity, and temperature [41] [45] [46].

With the development of FF-CGF, preliminary work has shown that there is potential to ad-
dress some of the shortcomings associated with FFE at the preparative scale. In principle, the
mechanism is similar to FF-IEF, except solutes focus according to their electrophoretic mobility
rather than pl. Consequently, many of the benefits of FF-IEF are also true for FF-CGF. Further-
more, no expensive carrier ampholytes or complex buffer compositions are required to establish
the gradient. Additionally, a constant charge is maintained across the chamber to help prevent
the long focusing times and solubility concerns that plague some proteins in FF-IEF. Lastly, the
continuous addition of counterflow from the sidewalls will increase the buffer velocity and dilute
the focused solute streams, and both of these factors will help suppress any buoyancy issues that
arise due to local density gradients.

Clearly, there are several reasons to pursue FF-CGF for high throughput protein purification,
but the design of the initial prototype has several challenges that make it less than ideal for scal-
ing up. In general, soft lithography techniques face manufacturing limitations due to the cost of
PDMS as well as the size constraints associated with plasma bonding. For FFE, PDMS raises
additional concerns including unwanted surface absorption, inconsistent EOF properties, poor
heat dissipation, and weak structural integrity for wide chambers [192]. As a result, the alterna-
tive fabrication method for preparative scale FFE is often a thin spacer sandwiched between two
PMMA plates, as this acrylic material is easy to machine and improves upon many of the issues
related to PDMS [28] [88]. However, for FF-CGF this simple assembly becomes complicated
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because the inner sidewalls of the spacer must now provide a uniform counterflow velocity along
the length of the chamber in addition to the electric field. Therefore, the goal of this chapter is to
establish design guidelines for an FF-CGF device that can address this challenge while providing
the possibility to scale up to a higher sample throughput.

6.1.2 Design Overview

The initial FF-CGF prototype used a multilayer soft lithography technique to create side channels
that were capable of supplying the separation chamber with the counterflow. The height of the
side channels were small relative to the separation chamber to give them a high hydrodynamic
resistance, and this ensured a uniform flow rate along the length of the chamber. Although ex-
perimental results demonstrated the success of this strategy, it becomes difficult to achieve when
transitioning from soft lithography to a more scalable fabrication technique like the aforemen-
tioned PMMA assembly. Moreover, the high resistance side channels limit the effective voltage
drop across the separation chamber, and this can be a major issue for high throughput separations
that require high electric fields.

The original plan for a preparative scale FF-CGF device was to simply replace the side chan-
nels with a commercial porous membrane that can be easily integrated into the PMMA assembly.
At the same time, the ionic current would be decoupled from the porous membrane to avoid sub-
jecting it to the high resistance requirement and maximize the voltage drop across the separation
chamber. After several rounds of prototyping, it was determined that the design of the FF-CGF
system was more complicated than anticipated because a number of design factors can influence
the fluid dynamics and electrokinetics. Consequently, a thorough investigation is needed to un-
derstand these key parameters and then construct a practical device for high throughput protein
purification.

One portion of this study will use numerical simulations to understand the key FF-CGF de-
sign parameters presented in Fig. 6.1. For example, it is important to know the minimum resis-
tance needed for the porous membrane to provide a uniform velocity gradient along the length of
the chamber. During this process, the resistance of the separation chamber, outlet channels, side
channels, and side chambers also deserve consideration. Furthermore, it is critical to position the
electrodes and ion exchange membranes such that the impact of ion concentration polarization
does not affect the separation process. Finally, when injecting the sample, it is helpful to predict
the maximum throughput while also ensuring that different proteins can be resolved.

Another portion of this study will establish fabrication protocols for an FF-CGF device based
on the information gained from the numerical simulations. This device consists of double-sided
tape with PMMA sheets laminated on each side. A laser cutter is used to engrave side channels
into the PMMA, provide access holes for the fluid flow, and remove regions of the double-sided
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Figure 6.1: An overview of a FF-CGF system for preparative scale applications.

tape that make up the separation chamber. Meanwhile, porous substrates and ion exchange mem-
branes are integrated into the PMMA sheets to supply the counterflow and current, respectively.
After the fabrication is completed, the device will demonstrate the separation of small molecules
and proteins to validate the design guidelines. It should be noted that building a preparative scale
device that can rival the throughput of a commercial FFE instrument is beyond the scope of this
work, as this would require a significant investment in multichannel peristaltic pumps, high volt-
age equipment, and cooling plates. With that said, this device was designed to be scalable, and
the preliminary results should inspire confidence for investing in this area moving forward.
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6.2 Methodology

The purpose of this section is to outline the techniques used during the development of the
FF-CGF prototypes. This includes numerical simulations, device fabrication, and experimental
setup.

6.2.1 Numerical Simulations

Numerical simulations in COMSOL v5.6 were used throughout this chapter to help guide the
design of the preparative scale device. The protocols and relevant equations for 2D fluid flow,
electrostatics, and chemical species transport have been outlined in previous chapters. In this
chapter, there is the addition of flow in porous media that needs to be considered. According to
COMSOL documentation, Darcy’s law can be used to model the fluid flow for a low Reynolds
number (Re < 10), and the Kozeny-Carmen equation can be used to model a porous membrane
that resembles a packed bed of particles. Both of these equations will be described further in a
later section of this chapter (see Section 6.3.2).

6.2.2 Materials

All chemicals were purchased from Sigma-Aldrich. The electrode buffer consisted of 445 mM of
Tris and 445 mM of boric acid, with the pH adjusted to 8.4 using an HCI solution. This was then
diluted to 89 mM of Tris and 89 mM of boric acid for the buffer counterflow pumped through the
sides of the separation chamber. Various sample solutions were prepared in the separation buffer
using xylene cyanol FF, orange G, ponceau S, rhodamine B, and fluorescein, and each dye had
a concentration of 5 mg/mL. Another sample solution was prepared in the separation buffer, and
it consisted of bovine serum albumin (BSA), hemoglobin (Hg), and cytochrome c (Cyt C). The
concentration of each protein was 50 mg/mL, and the BSA was labeled with bromophenol blue
ata 1:1 molar ratio.

6.2.3 Experimental Setup

Syringe pumps (Pump 11 and Pump33, Harvard Apparatus) were used for the sample and buffer
flow, while a high voltage supply (HVS448-3000, LabSmith) was used to supply the electric
field. A constant current mode was used to adjust for voltage changes that may arise due to ion
concentration polarization (ICP), Joule heating, and bubble formation.
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6.2.4 Fabrication Protocols

As previously mentioned, the devices discussed in this chapter (see Fig. 6.1) were made us-
ing a fabrication protocol that involved laser cutting and lamination. Brieflyy, PMMA sheets
(McMaster-Carr) were cut to shape using a laser cutter (VLS2.30, Universal Laser Systems). A
vector mode was used to create the chambers and access holes, while a raster mode was used to
engrave microchannels on the PMMA surface. The PMMA sheets were joined together using
double-sided tape (ARcare 90106, Adhesives Research) and a cold laminator (14Inch, INTBUY-
ING). Furthermore, design features such as a separation chamber or via holes can be created
from the double-sided tape layer using either a laser cutter or cutting plotter (Cricut Maker).
Porous membranes (9619 and 9948, Porex) were used to generate a uniform counterflow gra-
dient along the length of the separation chamber, and they could be easily cut to shape with
a knife and bonded to the double-sided tape. Likewise, the ion-exchange membranes (Nafion
117, FuelCellStore) were bonded to the double-sided tape to connect the side chamber to the
electrode reservoirs, and they were soaked in deionized water for 24 h prior to bonding to en-
sure that they did not expand upon contact with the buffer solution. The electrode reservoirs
containing platinum electrodes (A-PT-Electrode, LabSmith) were made from an acrylic tubing
(McMaster-Carr), and they were bonded to the PMMA layers using epoxy. Stainless steel tubing
from dispensing needles (McMaster-Carr) was connected to the access holes, and they were also
bonded to the PMMA using epoxy. Silicone rubber tubing (McMaster-Carr) was then attached to
the stainless steel tubing in order to form a connection with the tubing from the syringe pumps.
Note that a thin metal wire can be used to create a better seal around the rubber tubing. In addi-
tion, dowel pins (McMaster-Carr) can be used to plug the rubber tubing during experimentation.

6.2.5 Peak Analysis

A portion of the experimental validation of this FF-CGF device will consist of fluorescent peak
measurements. First, the device was mounted on an inverted epifluorescence microscope (ECLIPSE
Ti, Nikon) and a high sensitivity CCD Camera (Retiga 2000R, QImaging) was used to view the
separation region. Illumination was supplied by a 100 W mercury halide lamp (Intensilight C-
HGFIE, Nikon), and filter cubes (TRITC and FITC, Nikon) were used to acquire the desired
fluorescence signals. Imagel was then used to measure the intensity of the fluorescent images,
and then MATLAB was used to fit the resulting peaks with an exponentially modified Gaussian
(EMG) function [177] [178]:

2
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where g is the mean position of the Gaussian component, ¢ is the standard deviation of the
Gaussian component, T represents the decay rate of the exponential component, and erfc is the
complementary error function. The first moment M; = U + T represents the mean position of
the peak, while the second moment M, = (7(2; + 72 represents the variance of the peak [179].
These values can then be used to approximate the electric field across the separation region (see
Section 5.3.8). Furthermore, recall that the G, number of a peak can be related to the side flow
rates (Q.), where G, = V{(u)h? /D, V(u) = uo/b, ug = Q./(2hL), 2b is the chamber width, L is
the chamber length, 24 is the chamber height, and D is the diffusion coefficient.

6.3 Design Guidelines

The purpose of this section is to provide design guidelines for a FF-CGF device that is more
scalable than the initial prototype. The discussion will mainly focus on strategies for generating
a uniform counterflow gradient and electric field along the length of the chamber. This section
will also include strategies for maximizing sample throughput.

6.3.1 Resistance Criteria

For an FF-CGF system with parallel side channels (see Fig. 6.1), each one should have the same
ionic current and flow rate, as this will produce a uniform electric field and counterflow gradient
along the length of the chamber, respectively. The current / through a microchannel can be
determined from Ohm’s law as [167]:

_AV =R, (6.2)

where AV is the voltage drop and R, is the electrical resistance. The electrical resistance of a

microchannel is written as [167]:
L

- opHW
where 0}, is the bulk conductivity of the solution, L is the channel length, W is the channel width,

and H is the channel height. Meanwhile, the flow rate Q through a microfluidic channel can be
determined by applying the electrical circuit analogy [167]:

(6.3)

e

Ap = ORpyq (6.4)
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where Ap is the pressure drop and Rp,4 is the hydrodynamic resistance. The hydrodynamic
resistance of a microchannel can be written as [167]:

~1

onL | H {192 & 1 naw

RhydiW[“W(? %Sn—sta“hﬁﬂ ©3)
n:”

where 1 is the viscosity. For both electrical and hydrodynamic resistance, when there are N side
channels in parallel, the total resistance can be written as [167]:

Ry

Ry = N (6.6)
where R, is the resistance of each side channel. While predicting the ionic current through the
side channels is relatively straightforward, the flow rate is more complex. Referring back to
Fig. 6.1, the flow rate through the side channels must also consider the resistance of the side
chamber, separation chamber, and outlet channels in series. Furthermore, it is complicated by
the fact that the series resistance of the separation chamber is different for each side channel.
For example, a side channel near the top experiences a higher hydrodynamic resistance from the
separation chamber than a side channel near the bottom. Consequently, according to Eq. 6.4,
the hydrodynamic resistance of the separation chamber should be negligible relative to the side
channels, as this will ensure that the flow rate through the side channels is approximately the
same.

Therefore, when designing an FF-CGF device with a uniform counterflow gradient, it is help-
ful to compare the hydrodynamic resistance of the parallel side channels (R4 ) to the separation
chamber (R.pam). For example, Fig. 6.2a shows numerical simulations of the x-velocity in the
system for different ratios of Rgge t0 Rcnam- Here, it can be seen that Rgge /Reham = 1 leads to a
higher x-velocity at the bottom of the chamber, and this pushes the streamlines of charged solutes
towards the middle of the chamber. However, the x-velocity becomes much more uniform along
the length of the chamber when Rgjge /Rcham = 5, and the focal positions of the solute streamlines
remain fixed. For a more quantitative understanding, the uniformity of the counterflow gradient
can be approximated by comparing the x-velocity gradient V() at the bottom of the chamber
(z=0.9L) relative to the middle of the chamber (z = 0.5L), and the results are shown in Fig. 6.2b
for a variety device dimensions over a wide range of Rgge/Rcham Values. In general, it appears
that Rgde/Rcham sShould be at least 5 to achieve a uniform counterflow gradient, but this value
can go higher for better results. Finally, it should be noted that R4, was increased in the numer-
ical simulations by artificially varying the viscosity in the side channels (see Eq. 6.5), as other
strategies are too computationally expensive. In reality, decreasing the height of the side channel
is the most effective strategy for increasing the hydrodynamic resistance while minimizing the
voltage drop. This is true because the electrical resistance is inversely proportional to H, while
the hydrodynamic resistance is inversely proportional to H> (see Eq. 6.3 and Eq. 6.5).
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Figure 6.2: a) Simulation of x-velocity magnitude for different ratios of Rgjge t0 Reham. Streamlines of
charged solutes are shown to illustrate the impact of the counterflow gradient uniformity. b) Simulation
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wide range of device dimensions (L x W x H).

6.3.2 Porous Membranes

When scaling up and transitioning away from soft lithography, incorporating side channels with
a high resistance becomes difficult. For example, when using a laser cutter to engrave microchan-
nels into the PMMA, it is difficult to achieve a depth of less than 50 um, and the surface rough-
ness is high. Moreover, when sealing these microchannels with double-sided tape, the adhesive
can block the flow. Although these issues can be overcome with better fabrication protocols, a
much more practical approach is to use commercial porous membranes that act as microchan-
nels. These porous membranes can be easily integrated into the PMMA assembly, and placed in
series with side channels to connect to the separation chamber (see Fig. 6.1).

In general, the pressure drop across a porous membrane is calculated according to Darcy’s
law, which is written as follows [193]:

L
Ap = QZ—A 6.7)

where L is the membrane thickness, A is the cross-sectional area, and k& is the permeability of the
porous medium. Therefore, the hydrodynamic resistance of a porous membrane can be written

as:
nL

A (6.8)

Rpya =
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If the porous membrane resembles a packed bed of particles, then the permeability can be ap-
proximated using the Kozeny-Carman equation as follows [193]:

0’d;

where @ is the porosity of the membrane and d,, is the average diameter of the particles. Note
that the porosity represents the fraction of empty volume in the porous membrane.

There were two different porous membranes that were considered during the construction
of this FF-CGF device. The first option was a porous ceramic sheet from Innovacera that was
made with aluminum oxide. This company offers sheets with custom thicknesses and pore sizes
between 1 and 100 um, while the porosity ranges from 40-50%. The second option was a porous
sheet from Porex Filtration Group made from sintered ultra-high-molecular-weight polyethylene
(UHMWPE). For the Porex sheets, there was less flexibility with the porous parameters, but it
was ideal for prototyping because it was much less expensive and easier to cut to custom sizes.
The sheet used most frequently during prototyping had a pore size between 7 and 12 um, was
available at a thickness of 1.5 mm and 3 mm (Porex 9619 and 9948, respectively), and had a
minimum porosity of 35% according to the manufacturer. Note that there were several other
Porex options available, but the pore sizes were larger and have more variability.

For the initial PMMA prototypes, the Porex 9948 membrane appeared to provide a sufficient
hydrodynamic resistance for generating a uniform counterflow gradient. For confirmation, 3D
numerical simulations were used to investigate the porous membrane assuming the Kozeny-
Carman approximation with an average pore size of 10 um and a porosity of 35%. Fig. 6.3
shows the porous membrane with a cross-sectional area of 5 mm by 30 mm, and it is connected
to the side chamber and 15 parallel side channels. Note how the porous membrane is blocked
at both ends to ensure that the first and last side channels do not receive additional inflow from
these regions. The pressure drop across the membrane was calculated to be around 800 Pa when
the input flow rate is 1 x 10~ m/s3, and this corresponds to a resistance of 8 x 107! Pa s/m?>.
This is greater than the expected resistance of 3.55 x 10! Pa s/m? according to Eq. 6.8 because
the geometry is more complex than what is assumed for Darcy’s law. For example, the outflow
is restricted to the geometry defined by the side channels, and this is much smaller than the
cross-sectional area of the porous membrane. In the end, assuming the separation chamber has a
length of 30 mm, a width of 10 mm, and a height of 0.12 mm, the resistance ratio between the
simulated porous membrane and the separation chamber is about 38, which is more than enough
for a uniform gradient based on Fig. 6.2b.

While the porous membrane design presented in Fig. 6.3 is acceptable for generating a uni-
form x-velocity gradient, and it may not be sufficient when scaling up to larger separation cham-
ber lengths. However, several improvements can be made to increase the hydrodynamic resis-
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Figure 6.3: 3D COMSOL simulations for an FF-CGF chamber with a symmetric boundary condition
along the z-direction. The pressure contours are provided for the top and bottom view. The porous
membrane is 30 mm x 5 mm x 3 mm, with an average pore size of 10 um and a porosity of 35%.

tance of the porous membrane. For example, its width can be reduced, and the sides can be
blocked to restrict the flow. Note that this may complicate fabrication in terms of cutting the
Porex and sealing the sides, but there will be an increase in resistance according to Eq. 6.8. Al-
ternatively, the thickness of the porous sheet can be reduced, and the top can be covered to only
allow inflow through the sides. In this case, the width of the sheet would act as L in Eq. 6.8, and
can be easily increased for a higher resistance. Finally, another option would be to reduce the
pore size to 1 um by switching to the porous ceramic made by Innovacera, and this is also a more
rigid material that may alleviate some of the fabrication concerns.

Due to the wide variety of options available for integrating porous membranes into the FF-
CGF device, it is difficult to provide general design guidelines with clear analytical equations.
Furthermore, the Kozeny-Carman equation may not provide an accurate approximation for some
porous materials. With that said, this section justifies replacing microchannels with a porous
membrane, and serves as a useful starting point when designing such a system. For example,
Eq. 6.8 highlights the key parameters that influence hydrodynamic resistance, and the 3D numer-
ical simulations can provide a more complete understanding. In addition, the Porex sheets are
inexpensive and simple to cut, and this makes it easy to measure its performance experimentally.
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influence of the hydrodynamic resistance (Ryt) of the outlet channels on the counterflow gradient. b) The
influence of the geometry of an outflow region on the counterflow gradient.

6.3.3 Outlet Channels

Outlet channels are needed in FFE to collect the separated solutes (see Fig. 6.1). During the
prototyping phase of the FF-CGF design, the outlet channels were found to have an impact on
counterflow gradient uniformity. This was especially true when they were engraved into the
PMMA with the laser cutter, as this resulted in an outlet channel height that was greater than
that of the separation chamber. In this case, the relatively low hydrodynamic resistance made the
majority of the counterflow exit through the outlet channels near the sidewalls (see in Fig. 6.4a).
Consequently, the x-velocity component is lower than expected at the bottom of the chamber,
and this pushes the charged solute streams towards the sidewalls. In general, it is important to
be aware of the resistance of the outflow, but it is usually not an issue as long as the height of
the outlet channel matches that of the separation chamber (see in Fig. 6.4a). On another note, all
outlet channels should have an equal spacing on each side in order to receive an equal portion of
the flow. For example, if there is excess space between the sidewalls and the first outlet on the
left (see in Fig. 6.4a), this will alter the x-velocity by pushing this excess flow towards the middle
of the chamber.

In practice, the outlet channels were difficult to include as part of the double-sided tape layer
because they were long and unsupported at the end connected to the separation chamber. This
caused them to bend during lamination and led to nonuniform channel widths that altered the
resistance. To avoid this issue while keeping the height consistent, only a small portion of the
outlet channels were connected to the separation chamber, and laser engraving was used to join
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them with a longer portion that was supported on both ends. Another problem with the outlet
channels is that they can contain air bubbles that can significantly increase the hydrodynamic
resistance, and this leads to a nonuniform outflow through the channels that can disrupt the sep-
aration upstream. Since fluid flow will take the path of least resistance, it can also be difficult to
remove these bubbles. In fact, bubbles appeared so frequently that outlet channels were discon-
tinued during the prototyping phase in order to focus on other aspects of the design. The simpler
alternative was to implement an outflow region that converged toward one outlet, and this ge-
ometry was ideal for maintaining a uniform x-velocity gradient near the bottom of the chamber
(see in Fig. 6.4b). Note that this design could be useful for real-time monitoring applications
where sample collection is not needed, or when a few outflow ports at the bottom of the sepa-
ration region while allowing the rest of the flow to exit through the final outlet as waste. With
that said, outlet channels will be required for preparative scale applications, and moving forward
valves and multichannel peristaltic pumps should be considered to purge the bubbles and ensure
a uniform flow through each outlet [88] [89] [86].

6.3.4 Side Chambers

The side chamber is another subtle design feature that can influence the uniformity of the coun-
terflow gradient. Like the separation chamber, the resistance should be negligible compared to
the side channels. If not, there will be a large pressure drop along the length that will contribute
to an uneven flow rate through the side channels. For the example presented in Fig. 6.1, this
would contribute to a higher x-velocity at the top of the chamber due to the location of the inlet.
Similarly, a relatively high side chamber resistance will lead to a nonuniform electric field, and
the design presented in Fig. 6.1 would see a higher current near the bottom of the chamber due
to the position of the electrodes. In general, it is straightforward to control the resistance of the
side chamber, although it may be inefficient to use volumes that are too large.

6.3.5 Electrode Integration

Generating the orthogonal electric field in FFE is a difficult task that has been the subject of many
studies in recent years [19] [21]. The main challenge is connecting the electrodes to the sidewalls
of the chamber while ensuring the effects of electrolysis such as pH changes and bubbles do not
influence the electrokinetics and the fluid flow. In general, there is an electrode compartment that
is isolated from the separation chamber using an ion exchange membrane that is impermeable to
fluid flow but allows ionic current to pass through. Moreover, the buffer in the electrode com-
partment is constantly replenished to mitigate the effects of electrolysis bubbles, Joule heating,
and ion concentration polarization (ICP) [29]. There have been many strategies for integrating
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Figure 6.5: The separation of xylene cyanol FF (blue) and ponceau S (red). As the current increases in the
right image, ion concentration polarization (ICP) appears to influence separation due to a stacking effect.
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the electrode compartment in FFE, and some techniques have managed successful operation by
removing the membrane altogether [90]. However, in FF-CGF this difficult task becomes much
more complicated by the need to introduce a uniform counterflow through the sidewalls as well.

The initial FF-CGF prototype made from PDMS placed the electrode compartment inline
with the counterflow input, and the high resistance side channels were able to generate a uniform
electric field and velocity gradient along the length of the chamber. This strategy resembles the
electrode integration method used for the original uFFE system, and like this device there was a
large voltage drop across the channels that limited the electric field. Therefore, one of the goals of
the second prototype made from PMMA was to decouple the current input from the counterflow
input in order to avoid subjecting the ionic transport to the same high resistance criteria. The
logical approach was to have separate side compartments for the porous membrane and the ion
exchange membrane, with via holes used to connect each one to the side channels. This device
is shown in Fig. 6.5 with the electrode compartment located closer to the separation chamber to
maximize the voltage efficiency. Unfortunately, having the ion exchange membrane positioned
this close to the chamber created an ICP effect that impacted the separation significantly.

For the device seen in Fig. 6.5, a cation exchange membrane (Nafion) is used for both elec-
trode compartments, and there is clearly an increased concentration of anions on the right side
of the chamber that cannot pass through the membrane and into the positive electrode compart-
ment. Similar to FF-FSE, this causes the red solute stream to sharpen at the interface where
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the conductivity appears to increase. Furthermore, there is clearly a stacking effect, as the blue
solute stream gets closer to the red stream as the current increases. Consequently, this approach
to electrode integration is not ideal for FF-CGF because the ICP can significantly alter the fo-
cusing dynamics. Interestingly, this problem was easy to diagnose because a recent FFE study
leveraged this ICP effect with a Nafion membrane in order to concentrate separated solutes [79].
Therefore, perhaps there is some future version of FF-CGF that takes advantage of ICP to create
highly concentrated solute streams.

In the end, decoupling the transport of ionic current and counterflow through the sidewalls
proved too difficult to achieve with the current prototype. Instead, the Nafion membrane was
connected to the same side chamber as the porous membrane (see Fig. 6.1), and the following
experimental section shows that the Porex material provided a uniform electric field along the
length of the chamber. Moving forward, one solution to the ICP problem would be to replace
the Nafion membrane with a porous membrane that is not ion selective, but it should also be
impermeable to fluid flow to simplify the design of the system. For example, perhaps there is a
hydrophobic porous membrane available that could ensure that a portion of the side flow does
not leak into the electrode compartment. However, a more feasible alternative for the device
presented in Fig. 6.5 would be to switch the position of the porous compartment and the electrode
compartment, and redirect a portion of the counterflow away from the separation chamber and
into a waste chamber. As seen in Fig. 6.6, this would help flush excess ions at the membrane
surface, or replenish the region if it becomes depleted. Such a system would require a uniform
outlet channel resistance, or else some of the waste may recirculate back into side channels
towards the bottom of the separation chamber and alter the counterflow gradient. Similar to the
outlet channels, this issue could not be overcome with the initial PMMA prototype, but it is
likely solvable with better outflow control, and may be necessary for future FF-CGF devices that
require high voltages and long-term operation.

6.3.6 Sample Injection

Sample injection is another important design parameter to consider in preparative scale FF-CGF
because it can influence the throughput and separation resolution. To understand this process, it is
helpful to return to the equation that describes the x-position during transit through the chamber.
While the initial derivation assumed a mass particle entrance at x = 0, the boundary conditions
can be altered to the more general form as (see Chapter 3.2):

x= % <1 _ (1 +%z)_] (1 - Vugx()» (6.10)
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Figure 6.6: Simulation of velocity magnitude in a proposed FF-CGF device with a portion of the counter-
flow from the side channels directed into a waste channel to help flush away the effects of ion concentration
polarization (ICP) at the electrode via holes. The black arrows represent the flow into the separation cham-
ber, while the blue arrows represent the flow into the waste channel.

where xq is the starting x-position at z = 0. Therefore, if the sample injection width is 28, then
Eq. 6.10 can be evaluated at x) = +6 to approximate the edges of the solute stream. Note
that each streamline can be compared relative to the average focal position, xy = ugp/V(u), to
estimate the focusing percentage. Also note that the cross-sectional area of the sample injection
is needed to relate the initial z-velocity, (w), to the sample flow rate, Q;. For example, if the
sample injection width is equivalent to the width of the separation chamber, then the sample flow
rate can be written as Qg = (2b)(2h)(w)o. This scenario is presented in Fig. 6.7 for different
sample flow rates, and the analytical streamlines determined by Eq. 6.10 (see Fig. 6.7a and 6.7d)
are in agreement with the corresponding COMSOL simulations (see Fig. 6.7b and 6.7¢). Note
that the area in between the edges of the solute stream is shaded black in Fig. 6.7a and 6.7d.

Furthermore, Fig. 6.7 shows how the sample injection can influence the separation resolution.
In the case of Fig. 6.7a and 6.7b, the sample flow rate appears to provide the solute stream
with enough time to reach its equilibrium width. However, when the throughput is increased
by a factor of 5 (see Fig. 6.7d and 6.7e), the solute stream edges do not have sufficient time
to focus, and the final distribution width is much larger. In practice, this scenario may be an
acceptable means of increasing throughput depending on the mobility difference between the
solutes of interest. During experiments, it is also possible to deviate from Eq. 6.10 to provide
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Figure 6.7: Comparing a low sample slow rate (Qy) in a), b), and c) to a high sample flow rate (Q;) in d),
e), ), where Q. is the flow rate on each side of the chamber. An analytical solution for particle transit is
presented in a) and d), with the corresponding simulation of solute concentration shown in b) and e). An
alternative simulation with a reduced injection width is also shown in ¢) and f).

more flexibility with (w)g. For example, Fig. 6.7c and 6.7f presents a practical design with a
narrower injection width, but the sample flow rate is equivalent to Fig. 6.7b and 6.7e, respectively.
At the same time, it is possible to add an initial buffer flow on each side of the sample injection
to provide a cleaner sample entrance, and offer flexibility with the residence time. In the future,
it could also help control the initial Péclet and Grashof numbers.

As an aside, the COMSOL simulations in Fig. 6.7 also demonstrate how the sample dilution
is impacted by the sample injection. In the case of sufficient focusing (see Fig. 6.7b), the solute
stream reaches its equilibrium width relatively early, and from there it becomes increasingly
diluted. In the case of insufficient focusing (see Fig. 6.7¢), the solute stream is being concentrated
and diluted simultaneously, and as a result the overall concentration remains relatively constant
throughout the chamber. Therefore, Eq. 6.10 can serve as a useful estimate of the sample dilution
depending on the focusing percentage. However, at higher G, numbers the concentration profile
will likely be complicated by the influence of the parabolic profile.

6.4 Results and Discussion

The purpose of this section is to present the performance of an FF-CGF device that was designed
based on the guidelines discussed in the previous section.

106



6.4.1 Device Design

The device was fabricated according to the laser cutting and lamination method outlined in a
previous section (see Section 6.2.4). A layout of the three relevant layers are shown in Fig. 6.8,
and this includes the top and bottom PMMA layers, as well as the double-sided tape layer in
between. The separation chamber has a length of 30 mm and a width of 10 mm, and the height
is defined by the thickness of the double-sided tape (0.14 mm). In reality, the height is likely
smaller due to the compression of the adhesive during bonding. In Fig. 6.8, the side channels
are engraved to approximately half the depth of the bottom PMMA layer, and this allows the
porous membrane to connect to the separation chamber. Meanwhile, the via holes are present
to ensure that the counterflow remains evenly distributed through the side channels after exiting
the porous membrane. Furthermore, the ends of the porous sheets should be cut to maintain a
consistent volume above each via hole, and the ends should be blocked with double-sided tape
to prevent excess flow from these regions. During this process, the porous membranes formed a
strong bond with the double-sided tape, and no leakage was observed during experiments. The
same is true for attaching the Nafion membrane to the side chambers, except extra care is needed
to ensure that its surface is fully in contact with the double-sided tape, or else it may expand
upon hydration and create leaks. Finally, note the location of the sample inlet, which allows the
sample to flow through the top PMMA layer and into the separation chamber.

6.4.2 Experimental Setup

An image of the actual FF-CGF is shown in Fig. 6.9 along with all of the relevant design fea-
tures. During the experimental setup, the most difficult step was filling the device with the buffer
solution while preventing bubbles from being trapped. Therefore, the current protocol will be
described in this section. First, all access ports were plugged except the top flow inlet, the sam-
ple inlet, and the outlet. A syringe pump is then connected to the top flow inlet to slowly fill the
separation chamber with buffer solution. The sample inlet and outlet should be plugged when
they begin to overflow, and then the counterflow inlets and electrode waste ports should be un-
plugged. As a result, the side channels, porous membranes, and side chambers begin to fill with
solution. It is likely that bubbles will become trapped in the side chamber, but because of its
large volume it is easy to tilt the device and use gravity to direct them towards an access port.
Importantly, the channel connecting the side chamber to the electrode reservoir should be free
of bubbles to ensure an electrical connection, and then the electrode waste ports can be blocked
(see Fig. 6.9). Moreover, it can be difficult to ensure the bubbles are fully removed from all of
the side channels and porous membranes, so one option is to re-plug all ports except the top flow
inlet, and then use the syringe pump to build up the pressure in the device. Then, by unplug-
ging the electrode waste ports to release the pressure, bubbles from the porous membrane will
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Figure 6.8: A layout of the three relevant layers used in the present FF-CGF device. A PMMA cover
containing the side chamber and electrode reservoir is also shown on one side of the device.

enter the side chamber where they can be easily removed. This process must often be repeated
several times, and it highlights one drawback of using the porous membranes. Another protocol
for removing bubbles was to submerge the device in a water bath, and then place it in a vacuum
chamber. However, this is a time-consuming and messy process, and there is no guarantee that
all bubbles will be removed from the separation chamber.

After all bubbles are removed from the device, the syringe pumps can be connected to the
counterflow inlets and sample inlet. During this process, it is helpful to allow these ports to
overflow with solution from the top flow inlet, as this will prevent bubbles from reentering the
system while connecting the tubing. After that, the outlet can also be unplugged and connected
to a waste beaker to complete the setup of the fluid system. Then, the electrode reservoir can
be filled with buffer solution, and its platinum electrodes can be connected to the high voltage
supply. For long-term operation, the reservoirs can be connected to a peristaltic pump to con-
tinuously replenish the electrolyte solution. Finally, the device is ready for operation, and it can
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Figure 6.9: An image of the present FF-CGF device mounted on a microscope.

be mounted on a microscope using a custom PMMA manifold (see Fig. 6.9). Note that further
details on the equipment involved in the experimental setup, as well as preparation of the buffer
and sample solutions, can be found in Section 6.2.

6.4.3 Device Performance

The uniformity of the counterflow gradient and electric field along the length of the chamber is
demonstrated in Fig. 6.10. The separation of the dye molecules in Fig. 6.10a show an excellent
agreement with the analytical and numerical models, and this helps validate the new design
strategy which is heavily reliant on the high resistance of the porous membrane. The separation
of various proteins is shown in Fig. 6.10b, and although focusing is achieved, there appears to
be some nonidealities in the gradient that are important to point out. On the left side of the
chamber, the Cyt C stream does not appear to reach its focal point as quickly as the Hg and BSA
on the right. This is likely due to bubbles in either the side channels or porous membrane that are
disrupting the counterflow gradient and electric field. While this is a minor issue, it highlights
the importance of developing a robust protocol for removing all of the bubbles from the system.
Moving forward, a better fabrication strategy for the side channels should also be considered, as
the laser engraving strategy results in a high surface roughness that makes it easy for bubbles to
become trapped.
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1200 pA

Figure 6.10: a) The separation of xylene cyanol FF, orange G, and ponceau S with a side flow rate of
O, = 40 yL/min, a top flow rate of Q; = 1 pL/min, and a sample flow rate of Q; = 0.2 uL/min. b) The
separation of Cyt C, Hg, and BSA with a side flow rate of Q. = 10 yL/min, a top flow rate of O, = 0.5
pL/min, and a sample flow rate of Oy = 0.1 pL/min.

6.4.4 Peak Measurements

The ability of this device to measure focused peaks experimentally is shown in Fig. 6.11. These
peaks are then fitted with an EMG function, and the corresponding values for the average focal
position (x); and the standard deviation ¢ are shown in Table 6.1. While it is difficult to cal-
culate other relevant parameters without knowing the chamber height, they can be estimated by
assuming it is around 0.012 cm. Therefore, the electric field E can be approximated with (x) s,
the side flow rates shown in Fig. 6.11, and the assumption that fluorescein has an electrophoretic
mobility of ugp = —3.6 x 10~% cm?/Vs [189]. In addition, G, can be approximated by assum-
ing a diffusion coefficient of D = 4.3 x 107® cm? /s [194]. Note that further details on obtaining
these measurements can be found in Section 5.3. In general, the peaks seen in Fig. 6.11 appear to
resemble a Gaussian shape, which is consistent with what is expected for the estimated G, values
shown in Table 6.1. Interestingly, as G, increases, the peaks widths are noticeably reduced and
their intensity is increased. Furthermore, a subtle peak tail emerges at higher G, numbers, and
this is particularly evident for fluorescein in Fig. 6.11d. This peak tail is on the right side, which
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Figure 6.11: Peak measurements for the separation of rhodamine B (RhB) and fluorescein (FL) at dif-
ferent side flow rates (Q.) and applied currents. In addition, the top flow rate and the sample flow rate
for each experiment was a) Q; = 0.1 pL/min and Q; = 0.025 uL/min, b) Q; = 0.2 uL/min and Q; = 0.05
pL/min, ¢) Q; = 0.3 pL/min and Q; = 0.075 pL/min, and d) Q; = 0.4 uLL/min and Q; = 0.1 pL/min.
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Table 6.1: Fitted EMG parameters and estimated separation conditions assum-
ing 27 = 0.012 cm, pgp = —3.6 x 10~* cm?/Vs, and D = 4.3 x 1076 cm?/s.

Gx | Qc [uL/min] | Current [uA] | Voltage [V] | (x)s [cm] | o [cm] | E [V/cm]
2 12 .02 -2.
0.08 10 00 89 0 0.0265 96
400 177 0.27 0.0270 -6.97
0.16 20 400 168 0.15 0.0210 -1.72
800 298 0.29 0.0236 -15.13
0.23 30 600 262 0.15 0.0193 -11.90
1200 550 0.30 0.0228 -22.80
031 40 800 404 0.15 0.0182 -15.34
1600 498 0.26 0.0211 -27.22

indicates that the electroosmotic mobility for PMMA is less than the electrophoretic mobility for
fluorescein (Peg > 0). According to literature, the electroosmotic mobility of PMMA has been
measured to be around Ugop = 2.6 X 104 cm? /Vs [195], so this result makes sense. As a final
note, the voltage and electric field values shown in Table 6.1 can be used to approximate the volt-
age efficiency when the chamber width is 1 cm. For example, at a voltage of 89 V and an electric
field of -2.96 V/cm, this corresponds to a voltage efficiency of 3.3%. Consequently, the voltage
drop across the porous membranes is significant, and there is certainly room for improvement
in future iterations. Table 6.1 also reveals the nonlinear behaviour of the current and voltage
due to Joule heating and ICP, and this is another area that deserves consideration in the future.
Altogether, Fig. 6.11 has demonstrated the ability to analyze focused peaks with the current ap-
paratus, which is not only useful for designing a preparative scale device, but also for studying
the FF-CGF technique.

6.5 Future Considerations

Now that guidelines have been established for designing an FF-CGF device that is scalable, it is
worth investigating the future steps required to approach mg/hr quantities in protein purification.
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6.5.1 Experimental Parameters

For this exercise, it is helpful to use the dimensions of the commercial FFE instrument as a
reference. The length is typically 50 cm, the width is either 5 cm or 10 cm, and the height
ranges from 0.05 to 1.5 mm [28]. In most studies, the electric field typically does not exceed
200 V/cm [29], although some microfluidic devices have reported values approaching 600 V/cm
due to the faster heat dissipation [37]. Meanwhile, the sample flow rate often ranges from 0.2 to
5 mL/hr [81] [191], and the total flow rate usually corresponds to a minimum residence time of
around 5 min [196]. For the sample itself, the diffusion coefficient of a large protein is around
5% 1077 cm?/s [197], while the maximum electrophoretic mobility is about 2.5 x 10~* cm?/V's
[198] [199], and these values can represent the upper limits of the G, and Pegp values during
FF-CGF protein purification.

6.5.2 Small Gradient Regime

In this regime (G, < 1), Table 6.2 shows the relevant FF-CGF parameters for different chamber
heights assuming a width of 10 cm and a length of 50 cm. Note that the experimental conditions
presented in Table 6.2 correspond to a solute transit that is identical to the scenario presented
in Fig. 6.7a. Additionally, the upper limit of G, is 0.25, and many smaller proteins involved in
the separation would have a G, value closer 0.1. In general, operating in this range is ideal for
maximizing the throughput while minimizing the effects of hydrodynamic dispersion.

Table 6.2 shows an interesting relationship between the chamber height and the other ex-
perimental parameters, and this is due to the fact that Gy is proportional to h?, whereas Pegp
is proportional to 4. As a result, the smaller height enables higher flow rates for the given Gy,
and this creates higher sample throughput. Moreover, Pegp is increased, and this allows for a
higher peak capacity within the separation region. However, there are some disadvantages when
using a height as low as 25 pum that deserve consideration. For one, Pegp/G, = 2000 will lead to
significant dispersion and cause the resolution in the outer limits of the separation region to dete-
riorate. Second, an electric field of 800 V/cm will likely cause excessive Joule heating, although
the small chamber height and the short residence time may provide some forgiveness. Third,
the advantage of a high peak capacity in the middle of the separation region may be offset by
the practical challenges associated with placing several outlet ports in close proximity. Finally,
a height of 25 um will make it difficult to generate a uniform counterflow gradient because the
hydrodynamic resistance of the separation region will be high.

Therefore, a chamber height between 50 and 100 um is likely more practical even though
the throughput is lower. Nonetheless, the sample throughput will be around 1 mg/hr if the ini-
tial protein concentrations range from 1 to 2 mg/mL, and the flow rate can be increased further
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Table 6.2: Experimental parameters for an FF-CGF chamber with G, = 0.25,
L=50cm,2b=10cm, D =5x10"7 cm?/s, and ugp = 2.5 x 10~* cm?/Vs.

Height (2h) 25 um 50 um 100 um

Side Flow (Q,) 180 mL/hr | 90 mL/hr | 45 mL/hr

Sample Flow (Q;) | 1.8 mL/hr | 0.9 mL/hr | 0.45 mL/hr

Electric Field (E) | 800 V/cm | 200 V/cm | 50 V/cm

Residence Time 1.10 min 4.42 min 17.68 min

Pegp /Gy 2000 1000 500

depending on the mobility difference between the proteins of interest (see Fig. 6.7d). Note that
this throughput is comparable to preparative scale FFZE and FF-IEF, so FF-CGF is worth con-
sidering as an alternative FFE mode. Consequently, a reasonable next step would be to construct
a device with a height around 100 um, and the key challenges would be to mitigate the effects
of ICP and ensure a uniform flow through the outlet channels. Finally, it is recommended to
reduce the length to simplify the initial prototype, and test it with a relevant protein mixture to
demonstrate the benefits of preparative scale FF-CGF in practice.

6.5.3 Large Gradient Regime

In this regime (G, > 25), Table 6.3 shows the relevant FF-CGF parameters for different chamber
heights assuming a width of 2 cm and a length of 50 cm. Note that the width is reduced to
accommodate for the higher electric fields needed for this G, range. Also, the sample flow rate
is calculated assuming injection is limited to the middle 25% along the height direction because
anything beyond this would be lost in the peak tails. Once again, the solute transit corresponds to
the path seen in Fig. 6.7a, although for this G, regime most of the sample will be focused closer
to the centerline. Finally, the upper G, limit is set to 100 because this should permit most protein
sizes to have a G, greater than 25. Ideally, the G, could go even higher for sharper peaks, but
this would challenge the limits of the electric field and the peristaltic pumps.

Compared to Table 6.2, Table 6.3 shows a similar relationship between the chamber height
and the experimental parameters such as flow rate and electric field. The height of 500 um offers
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Table 6.3: Experimental parameters for an FF-CGF chamber with G, = 100,
L=50cm,2b=2cm,D=5x10""7 cm?/s, and ugp = 2.5 x 10~% cm?/Vs.

Height (2h) 125 ym 250 pym 500 pm

Side Flow (Q,) | 2880 mL/hr | 1440 mL/hr | 720 mL/hr

Sample Flow (Q;) | 7.2 mL/hr 3.6 mL/hr | 1.8 mL/hr

Electric Field (E) | 2560 V/cm | 640 V/cm | 160 V/cm

Residence Time 4.14 s 16.57 s 66.29 s

Pegp/Gx 80 40 20

the most manageable electric field, but with Pegp/G, = 20 this implies a small peak capacity,
and the sample throughput is not much greater than the small gradient regime (see Table 6.2).
These factors can be improved by moving closer to a height of 250 um, but this would begin to
test the limits of the electric field. With that said, the residence time is very low, and perhaps
this would help counteract some of the effects of Joule heating. As the height approaches 125
um, it is interesting to note that the device is no longer practical due to the high electric field.
However, perhaps there is some application where lower electric fields can be used to separate a
few proteins in the middle of the separation region (near x = 0), as this would yield a significant
throughput with highly concentrated peaks. Moreover, if the chamber width is increased to
10 cm, this would increase the throughput further. In the end, it is intriguing to consider a
separation in the large G, regime due to the potential benefits, but the system becomes much
more complicated to build, and further development is needed to focus the sample injection and
handle the large flow rates and voltages seen in Table 6.3.

6.6 Concluding Remarks

In the first portion of this chapter, a new design for an FF-CGF device was presented in order
to make it more scalable for protein purification. First, a new fabrication method involving the
lamination of PMMA and double-sided tape was proposed, and this offered better performance
than the traditional soft lithography technique. Then, the challenge of generating a uniform
counterflow gradient along the length of the separation chamber was discussed in depth, and it
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was determined that adding porous membranes to the PMMA assembly is a practical solution. At
the same time, the hydrodynamic resistance of the separation chamber, outlet channels, and side
chamber also deserve consideration. During this investigation, design guidelines for maximizing
the sample throughput and minimizing the effects of ion concentration polarization were also
provided.

In the second portion of this chapter, a functioning prototype was constructed, and the suc-
cessful separation of small molecules and proteins highlighted the potential of this device. More-
over, the device provided some useful peak measurements that helped further the understanding
of this separation method. Finally, the presence of a uniform counterflow gradient and electric
field along the length of the separation chamber was confirmed, and this helps validate the de-
sign guidelines provided for this fabrication method. With that said, there are several areas of
improvement that should be considered moving forward, including precise flow control through
the outlet channels, increased voltage efficiency, the mitigation of ion concentration polarization
and Joule heating, and the removal of trapped bubbles during the experimental setup. In addition,
the strategies for scaling up should be examined in more detail, as FF-CGF can likely rival the
throughput of traditional FFE devices while offering the potential of improved resolution and
versatility.
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Chapter 7

Improving Device Design II: Analytical Scale

7.1 Introduction

The purpose of this chapter is to design an analytical scale FF-CGF device, and it was initiated for
exploratory purposes. For one, there was an interest in applying the FF-CGF design guidelines
to build a microfluidic device with a better voltage efficiency. Second, there was an interest in
creating an FF-CGF device capable of observing protein separations at high gradient numbers
(Gy > 25). Along the way, it was determined that this device is useful for handling minute
sample volumes, and therefore this chapter will also discuss the potential applications and design
requirements at this scale.

7.1.1 Motivation

In recent decades there have been several technological innovations for implementing FFE in
microfluidics, and this has expanded the potential applications for FFE. While the preparative
scale FF-CGF design discussed in a previous chapter is useful for the isolation of large quantities
of proteins, it is not necessarily ideal for analytical scale applications. Therefore, the primary
goal of this chapter is to address these limitations, and provide a framework for designing an
FF-CGF device at this scale.

First, in FFE the continuous extraction process enables interfacing with analytical methods
such as mass spectroscopy, chromatography, and other lab-on-a-chip technologies for the mul-
tidimensional analysis of important protein properties [33] [112] [21]. However, proper imple-
mentation would require microfabrication techniques that are not possible with the laser cutting
and lamination method proposed for the preparative scale FF-CGF device. For example, com-
plex microchannel networks downstream from the separation can be useful when a uFFE device
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is coupled with a mass spectrometer, as this can help prepare the sample prior to the electrospray
process [32]. In another possible scenario, microstructures can be used in microfluidics to con-
tinuously separate proteins and cells based on size [200] [201], and employing this method in
tandem with FF-CGF would provide an additional dimension of separation and analysis. Finally,
the high resolution separation and transfer of minute samples for further processing often ben-
efits from outlet channels that are small and closely spaced, and this is difficult to achieve with
the laser cutting method.

Second, the continuous nature of FFE offers the potential to monitor the concentration of
analytes from complex mixtures in real-time, and this could be used in a clinical setting, or in an
industrial bioreactor for quality control [35]. For these applications, it would be ideal to make
the apparatus much smaller than the existing FF-CGF devices. For one, this would enable porta-
bility and simple integration with most work spaces. Furthermore, the smaller volumes would
reduce the consumption of precious samples, and promote fast separations that are desirable for
real-time detection [73]. Additionally, a small device would facilitate the use of a compact de-
tection system that can view the entire separation region. Finally, if the voltage efficiency can be
improved, this would allow for a more portable power supply.

Third, the continuous operation of FFE provides the ability to conduct high throughput bi-
ological assays where the experimental conditions can be changed dynamically. For example,
the buffer conditions or the sample concentration can be varied with time, and this format has
been used to measure the binding affinity between DNA aptamers and a target protein [110] [34]
[202]. This illustrated the potential to conveniently measure protein interactions under different
conditions, and should be exploited in FF-CGF for various pharmaceutical applications. Once
again, a smaller device would be ideal to reduce the amount of expensive proteins that are needed
for such a study. Moreover, the current FF-CGF devices consist of side chambers with very large
volumes, and this would cause a long delay when attempting to vary the buffer conditions within
the separation chamber itself. Consequently, an FF-CGF device that can quickly update the
properties of the buffer input would be ideal for this application.

Lastly, the development of FF-CGF at the analytical scale would also allow further explo-
ration for an improved understanding of this separation method. For example, faster heat dissi-
pation and narrower chamber widths would enable observation of protein separations at higher
G, numbers. It would also act as a tool for optimizing experimental conditions for preparative
scale applications while minimizing the use of costly proteins and other reagents. The wide
range of fundamental studies and established fabrication techniques in microfluidics could also
provide a strong foundation for developing FF-CGF further and exploring strategies for reducing
dispersion.

Clearly, there are many useful applications for FFE at the analytical scale, and to leverage
the advantages of FF-CGF, a device specifically designed for this scale is needed. In essence,
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this chapter will expand upon the proof-of-concept FF-CGF device presented in Chapter 3 by
providing a more comprehensive understanding of the design factors to consider when scaling
down. Then, an analytical scale device will be constructed and a protein separation application
will be demonstrated. Finally, a potential application for protein purification in tandem with mass
spectroscopy will be proposed for future considerations.

7.2 Design Guidelines

The purpose of this section is to consider the requirements for analytical applications, and then
propose a design with the help of numerical simulations and previously established guidelines.
Hopefully, this will serve as a general framework for designing an analytical scale FF-CGF
device.

7.2.1 Design Overview

A schematic of the proposed analytical scale device is presented in Fig. 7.1. Note that the length
is 1 mm and the width is 2 mm, and these small dimensions have several benefits. For one, this
will give the separation chamber a low hydrodynamic resistance, which helps produce a uniform
counterflow gradient without constricting the height of the side channels, and therefore simplifies
the fabrication and improves the voltage efficiency across the separation region. Second, the
microscope is capable of viewing the entire chamber and no sagging was observed due to the poor
structural integrity of PDMS. Third, these dimensions take up a small region of a standard glass
slide, leaving room for additional analytical methods to be included on the same microfluidic
chip for multidimensional analysis. Fourth, the narrow chamber enables protein separations at
higher G, numbers without challenging the limits of the syringe pumps and the voltage supply.
Finally, the entire volume of the system is significantly reduced, and this can minimize sample
consumption while also enabling fast separations and dynamic changes to the buffer properties.

7.2.2 Device Dimensions

The length and width of the separation chamber presented in Fig. 7.1 provide a general start-
ing point, but other dimensions in the millimeter range are also acceptable depending on the
application. The outlet channels have a width of 20 um, and this value offers the potential to
isolate closely spaced peaks. Ideally, this parameter could be reduced further, but this begins to
challenge the fabrication quality. The side channels also have a width 20 pm, and these small
dimensions help ensure a uniform counterflow gradient near the sidewalls. The length of the
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Figure 7.1: A schematic of a potential analytical scale device for FF-CGF. Numerical simulations show
a surface plot for the x-velocity magnitude when the height is 50 um, as well as the streamlines of several
charged solutes with mobilities of 2, 2.5, and 3 x 10™* cm?/Vs.

side channels was chosen to be 250 um, but there is potential to reduce this parameter further to
improve the voltage efficiency. Finally, the height of the separation chamber can be chosen based
on a number of factors that are presented in Table 7.1. Once again, it is preferable to have side
channels with the same height as the separation chamber, and therefore the ratio between the hy-
drodynamic resistance of the side channels (Rgjqe) and separation chamber (R.h,m,) are included
in Table according to the equations provided in a previous chapter.

The parameters shown in Table 7.1 represent multiple scenarios where a protein can be fo-
cused in the large gradient regime (G, > 25). Overall, note how the flow rates and applied
voltage can be reduced at this scale. In addition, note the convenience of working with larger
chamber heights due to the smaller electric fields and the increased counterflow gradient unifor-
mity (see Rgde/Rcham)- Interestingly, the larger chamber height also provides a lower flow rate
which is ideal for handling minute sample volumes. However, the low Pegp/G, value at a height
of 100 um implies a lower peak capacity, and although this issue can be solved by increasing
the width of the chamber, there may be a size limit imposed by the analytical scale application.
Consequently, there is a benefit to reducing the height and pushing the limits of the electric field.
Finally, it should be noted that a 25 um chamber height becomes more manageable if the dimen-
sions of the separation region are reduced, but this will reduce the peak capacity as well as the
number of outlet channels available for sample collection.
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Table 7.1: Experimental parameters for an FF-CGF chamber with G, = 50,
L=1mm,2b=2mm, D=>5x10"7 cm?/s, and ugp = 2.5 x 10~* cm?/Vs.
The 25 parallel side channels have a length of 250 um and a width of 20 um.

Height (2h) 25 pm 50 pm 100 um

Side Flow (Q,) 24 pL/min 12 pL/min 6 uL/min

Sample Flow (Q,) | 0.24 pL/min | 0.12 yL/min | 0.06 uL/min

Electric Field (E) | 3200 V/cm 800 V/cm 200 V/cm

Residence Time 0.33s 1.33s 5.30s
Pexp /Gy 40 20 10
Ride/Rcham 3.01 8.21 27.49

7.2.3 Numerical Simulations

The design presented in Table 7.1 was simulated in COMSOL using the numerical methods
outlined in a previous chapter. Fig. 7.1 shows the streamlines of various charged solutes, and
the counterflow gradient appears to be uniform along the separation chamber. Additionally, the
solutes have enough time to reach their focal point despite the short chamber length. Note that
the applied voltage is 1010 V, and the simulations calculate an approximate voltage drop of 160 V
across the separation region, indicating the voltage efficiency is around 15%. In a future iteration,
the voltage efficiency could be improved by increasing the height of the side chambers, although
this will complicate the fabrication.

One challenge associated with the design presented in Fig. 7.1 is that the solute streamlines
smear along the top of the chamber due to the no slip boundary condition. This causes an issue at
lower G, values due to diffusion in the z-direction, and with the chamber length being so short,
the solute may not have time to sufficiently focus. Furthermore, it is difficult to introduce a buffer
flow along the top of the chamber to prevent this issue and create a cleaner sample entrance. For
example, if microchannels that resemble the outlet channels are added to the top of the chamber
to supply an initial buffer flow, there may be some backflow or stray current that affects the
sample injection. Moreover, given the short length of the chamber, an initial buffer flow may
prevent a solute from reaching its focal position.
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7.3 Experimental Section

The purpose of this section is to outline the fabrication and experimental setup for the analytical
FF-CGF device at high gradient numbers (G, > 25).

7.3.1 Materials

All chemicals were purchased from Sigma-Aldrich. The electrode buffer consisted of 445 mM
of Tris and 445 mM of boric acid, with the pH adjusted to 8.4 using an HCI solution. This was
then diluted to 89 mM of Tris and 89 mM of boric acid to serve as the buffer counterflow pumped
through the sides of the separation chamber. The protein solution was prepared in the separation
buffer, and it contained 10 mg/mL of bovine serum albumin (BSA) labeled with a fluorescent
dye known as fluorescein isothiocyanate conjugate (FITC).

7.3.2 Device Fabrication

The FF-CGF design seen in Fig. 7.1 was fabricated using standard soft lithography techniques
outlined in Chapter 3.4.2. Briefly, the silicon master mold had a target height of 50 um, and the
PDMS was prepared with a 10:1 ratio of base to curing agent and then baked for 3 h at 95°C.
Then, the PDMS was bonded to a standard glass slide using oxygen plasma with a power of 29.6
W at 500 mTorr for 1 min. Meanwhile, the construction of the electrode devices used the same
procedure outlined in a previous section, and they included an ion exchange membrane (Nafion
117, FuelCellStore) and a PMMA housing (McMaster Carr). Once again, the buffer and current
inlets were decoupled in order to separate the buffer inflow from the effects of ion concentration
polarization (ICP) at the membrane. An image of the FF-CGF microfluidic chip connected to the
electrode device can be seen in Fig. 7.2.

7.3.3 Experimental Setup

First, syringe pumps (Pump 11 and Pump33, Harvard Apparatus) were used for the sample and
buffer flow. Note that another advantage of using the small chamber dimensions was that it was
easy to remove bubbles from the separation region while loading the buffer. Second, a high volt-
age supply (HVS448-3000, LabSmith) was used to supply the electric field. A constant current
mode was used to adjust for voltage changes that may arise in the electrode device due to ICP,
Joule heating, and bubble formation. Third, an inverted epifluorescence microscope (ECLIPSE
Ti, Nikon) and a high sensitivity CCD Camera (Retiga 2000R, QImaging) were used to view
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Figure 7.2: Image of the analytical scale FF-CGF device mounted on a fluorescence microscope.

the separation region. Illumination was supplied by a 100 W mercury halide lamp (Intensilight
C-HGFIE, Nikon), and a filter cube (FITC, Nikon) was used to image the BSA-FITC stream.
Finally, ImagelJ software was used to acquire the fluorescence intensities across the lower half of
the separation chamber, and then a custom MATLAB script was used to adjust the baseline and
plot the peaks. Note that ImageJ was also used to merge fluorescent images at different applied
currents in order to conveniently observe the focusing dynamics.

7.3.4 Experimental Parameters

The sample flow rates were 0.03, 0.04, and 0.08 uL./min, while buffer flow rates on each side were
7.5, 10, and 20 pL/min. The sample flow rates were chosen to enable peak visualization while
also allowing for sufficient focusing. The flow rates of the buffer (Q) were used to approximate
the side velocity inputs assuming uy = Q/(2hL), with 2hL representing the cross-sectional area
of the inflow. This was then used to approximate G, = V{(u)h?/D, where V (u) = uy/b and it was
assumed that D = 6.15 x 10~/ cm? /s for BSA [187].
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Figure 7.3: Fluorescent images of BSA-FITC at different applied currents and G, numbers, and the
corresponding peak measurements.

7.4 Results and Discussion

The focusing dynamics of a BSA-FITC sample in an FF-CGF chamber is studied in this section.
Fig. 7.3 presents several images of BSA-FITC at different focal positions along the separation
region for various G, values, and the corresponding peak measurements are also shown. Overall,
these results reveal some useful qualitative information about the device design and the solute
dispersion.
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7.4.1 Device Performance

For the counterflow gradient, it appears to be uniform along the length of the chamber, and this
is most evident in Fig. 7.3a as the outer solute streams do not appear to deviate from their focal
position. Consequently, this helps further validate the FF-CGF design guidelines experimentally,
and demonstrates the ability to construct a successful FF-CGF device without restricting the
height of the side channels. For the sample injection, there does not appear to be significant
smearing along the top of the chamber, nor does there appear to be any significant diffusion along
the z-direction. Moreover, the solute streams appear to approach their focal position quickly, and
then reach an equilibrium width before exiting the chamber. Therefore, this device illustrates
the potential to focus and separate proteins across a short chamber length that is ideal for many
analytical scale applications. For the sample collection, the solute streams transition easily into
the outlet channels located at the bottom of the separation region, and this highlights the ability
to isolate several concentrated peaks with the potential for further analysis downstream. For the
voltage efficiency, one drawback of this device was that bubbles began to appear due to Joule
heating when the current exceeded 300 pA. This becomes an issue at the higher G, numbers
seen in Fig. 7.3, as this limits the effective width of the separation region. With that said, voltage
efficiency and heat dissipation were not a priority for the current prototype, and future iterations
could explore options for improving this aspect of the design.

7.4.2 Peak Dispersion

The peak measurements shown in Fig. 7.3 also provide a helpful comparison to the dispersion
models presented in previous chapters at higher G, numbers. For one, there appears to be a clear
increase in the concentration and sharpness of the peaks as the G, value increases. Second, both
the images and the peaks appear to show a concentrated region followed by a tail region, and this
is consistent with the modeling at higher G, numbers. Third, the location of the tails on the right
side of the peak indicates the presence of an EOF backflow that is overpowering the parabolic
profile of the counterflow. Given that the electroosmotic mobility of a glass/PDMS chip is often
greater than the magnitude of electrophoretic mobility of BSA, this result is expected. Finally,
note how concentrated the peak is when there is no current, and this situation could be leveraged
in future applications where the protein of interest is neutral. Overall, this FF-CGF device has
shown the ability to measure peaks at higher G, values, and could serve as a useful tool for future
experimental validation of the dispersion models.
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7.5 Future Considerations

At this point, it is difficult to determine how useful FF-CGF is at the analytical scale. In terms
of real-time monitoring for biological assays or quality control, there are likely advantages over
traditional FFE methods because the large gradient regime enables the continuous identification
of many sharp peaks across a small separation region. However, this is an area that is yet to be
fully explored for FFE. Furthermore, there will be significant peak overlap in this regime as seen
in Fig. 7.3, and this contamination makes it less than ideal for applications involving protein
purification and multidimensional analysis. With that said, there is some interesting potential
for peaks focused around Peg = 0 because they are highly concentrated and have limited peak
tailing.

7.5.1 Protein Purification at the Isoelectric Point

In proteomics, capillary isoelectric focusing (cIEF) is a popular analytical technique that can
provide high resolution separations with a low limit of detection [115]. However, there is often
an interest in transferring the separated fractions to a mass spectrometer to gain additional infor-
mation about the protein, and this can be challenging in cIEF when the peaks are closely spaced
[106] [203]. For example, as the proteins exit the capillary, the resolution is reduced because the
focusing mechanism is no longer counteracting molecular diffusion. On top of that, the pressure-
driven flow used to extract the analytes will induce Taylor dispersion in the capillary, and this
causes the resolution of the focused peaks to deteriorate further.

Therefore, the analytical scale FF-CGF device could serve as a useful intermediate step be-
tween cIEF and mass spectroscopy. In the first step, cIEF could be used to separate a sample and
identify the pl of a target protein. In the second step, the sample could be transferred to the FF-
CGF device where the pH of the buffer medium matches the pl of the target protein. This way,
the target protein will have a neutral charge, and therefore focus in the middle of the chamber
at Peg = 0. Meanwhile, the other charged proteins, along with their peak tails, will be filtered
away from this region. In the final step, an outlet channel could be used to transfer the highly
concentrated target protein from the FF-CGF device to the mass spectrometer.

There are several additional features that can be considered for this system. For one, the
EOF should be suppressed to ensure that the neutral protein is truly focused at Peg = 0 because
this will provide the highest purity. Ideally, a permanent wall coating will be used for this pur-
pose because a dynamic coating may interfere with the mass spectroscopy signal. Second, it is
possible to change the buffer medium in the FF-CGF chamber to dynamically vary the pH, and
therefore run several target proteins through the mass spectrometer at Peg = 0. Third, another
FF-CGF device with different separation conditions could be added to this system to improve
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Figure 7.4: a) An alternative analytical FF-CGF device with the outlet channels replaced by a collection
port and two waste ports. Numerical simulations show a surface plot of the x-velocity magnitude, as
well as the streamlines of various charged solutes. The electric field is 800 V/cm, and G, = 50 when the
diffusion coefficientis D = 5 x 1077 cm?/s. A close-up view of two solutes that b) cannot be separated at
the collection port and c) can be separated at the collection port when its hydrodynamic resistance (Ry,) is
increased.

the purity. For example, this step could be used to remove the carrier ampholytes and enhance
the mass spectroscopy signal [106] [64]. Finally, if the electric field cannot fully resolve the pro-
teins near Peg = 0, it is possible to increase the hydrodynamic resistance of the collection port
for better resolution. As seen in Fig. 7.4, this is a convenient method for restricting the outflow
and redirecting a portion of the solute streamlines to a waste port. At the collection port, this
will increase the purity but reduce the throughput, and these variables can be tuned by simply
changing the resistance of the outlet tubing.

7.6 Concluding Remarks

In this study, the potential of FFE at the analytical scale was discussed, with an emphasis on
applications involving multidimensional analysis and real-time monitoring. Then, an FF-CGF
device was designed and constructed based on some of the key requirements at this scale. Ex-
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perimental results demonstrated its ability to generate a uniform gradient along the length of the
chamber despite a simplified approach to the side channel fabrication. Furthermore, the device
could separate proteins at higher gradient numbers (G, > 25), and this provided a useful compar-
ison to the previously derived dispersion models. Moving forward, this device could be useful for
applications where peak identification is a priority, or for situations where a highly concentrated
protein must be isolated for further analysis.
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Chapter 8

Conclusions and Recommendations

8.1 Contributions of this Thesis

Free-flow electrophoresis (FFE) has the potential to be a powerful tool for protein separation
and analysis, and this is mainly due to its ability to provide continuous separation and collection
under gentle conditions. Furthermore, FFE can operate at the preparative scale to collect large
quantities of protein, or it can operate at the analytical scale for real-time monitoring and direct
interfacing with other technologies. However, FFE has yet to achieve widespread use despite
several decades of development. One explanation for its lack of success is because it has many
sources of dispersion that are detrimental to separation resolution. Another reason is due to
the complex system design that is needed for successful operation. There have been significant
efforts to address these challenges, and free-flow isoelectric focusing (FF-IEF) was introduced
as an advanced separation mode that offers moderate improvement. With that said, practical
problems related to the buffer composition and isoelectric point (pI) have limited the applicability
of FF-1EF. Therefore, the purpose of this work was to introduce a counterflow gradient focusing
(CGF) mode in FFE that has the potential for improved resolution and versatility.

In free-flow counterflow gradient focusing (FF-CGF), the goal is to supply a pressure-driven
flow through the sidewalls of an FFE chamber. This will then produce a velocity gradient in
the lateral direction to oppose electrophoretic migration. As a result, proteins and other charged
solutes can focus at a position across the separation region where their electrophoretic velocity
is counterbalanced by the fluid flow. In principle, the focusing mechanism is similar to FF-IEF,
except no complex buffer compositions are required, and it avoids all of the practical concerns
associated with the pl. Consequently, there was a strong interest in understanding FF-CGF fur-
ther, and developing a device for experimental demonstration. In the first phase of this research,
an analytical model was developed to calculate the fluid velocity in the chamber, and predict the
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solute transit during operation. Then, 2D numerical simulations of the separation mechanism
were provided for a more complete understanding. After the initial modeling, an FF-CGF proto-
type was constructed using standard soft lithography techniques, and it included high resistance
side channels that help generate a uniform counterflow gradient along the length of the cham-
ber. Overall, this technique demonstrated the separation of small molecules and proteins, and the
performance was consistent with the model predictions.

In the second phase of this research, a model was developed to understand the dispersion
that is present in FF-CGF. For this preliminary model, there was an emphasis on the interplay
between molecular diffusion, the parabolic velocity profile of the counterflow, and the strength of
the gradient. However, when the commonly used method of moments formulation was applied
to the model, it was unable to yield a clean analytical solution, and it indicated a non-Gaussian
solute distribution that gave the statistical moments less practical meaning. Therefore, the model
was solved using numerical simulations, and analysis of the resulting solute distribution was
aided by an asymmetric peak fitting method that is frequently used in chromatography. Results
showed that FF-CGF can produce a wide variety of peak shapes depending on the strength of the
gradient. For example, in a low gradient regime, diffusive transport tends to dominate, and this
leads to a steady-state distribution that resembles a skewed Gaussian. On the other hand, when
the gradient strength is high, convective transport dominates, and the focused peaks take on the
shape of the parabolic velocity profile, with a long peak tail and a highly concentrated region
at the centerline. In either case, it was determined that FF-CGF could provide high resolution
separations, but there were trade-offs to consider, including throughput, cross-contamination,
and Joule heating.

In the third phase of this research, the FF-CGF dispersion model was extended by also con-
sidering electroosmotic flow (EOF) in the system. In traditional FFE systems, EOF will produce
a pressure-driven backflow due to blockage at the sidewalls, and the resulting parabolic velocity
profile will contribute to solute dispersion. When studying the electroosmotic backflow in FF-
CGeF, the situation is slightly different due to the counterflow input from the sidewalls. This is
true because the positive displacement pumps driving the counterflow will automatically adjust
to account for the EOF in the system, and this leads to an inherent pressure-driven backflow. In-
terestingly, analytical equations derived to model this behaviour suggested that the focal position
is not impacted by the presence of EOF. With that said, it can have a significant influence on so-
lute dispersion due to the parabolic velocity profile of the pressure-driven backflow. Therefore,
the 2D dispersion model was updated to account for EOF, and results showed that depending
on its direction EOF can either enhance or suppress the hydrodynamic dispersion caused by the
counterflow. Finally, experimental results from the initial FF-CGF prototype were investigated
to provide a qualitative comparison to the dispersion model. It was found that the results were
in agreement at low electric fields, but were much less so at higher electric fields. Notably, the
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solute dispersion was better than anticipated at higher gradient strengths, and one possible ex-
planation is due to the effects of Joule heating. However, further modeling and a more robust
experimental setup are needed for complete experimental validation.

The fourth phase of this research involved the development of a new FF-CGF device with
improved performance. This fabrication method transitioned away from soft lithography, and
instead a robust acrylic-based device was made with the help of a laser cutter and double-sided
tape. Along the way, the device design was guided by the possibility of scale-up for preparative
applications. An essential feature of the device assembly was a porous membrane that was used
to generate a uniform counterflow gradient along the length of the chamber. Moreover, the crite-
ria for generating a uniform gradient was thoroughly investigated, and it can depend on a number
of design parameters, including the resistance of the porous membranes, the separation cham-
ber, the outlet channels, and the side chambers. Other aspects of the design were also studied,
including the positioning of ion exchange membranes to mitigate the effects of electrolysis, and
the influence of sample flow rates on throughput and resolution. Next, the device was developed,
and experimental results demonstrated the potential for strong separation performance and high
quality peaks measurements. Finally, an analysis for scaling up the device was provided, and
showed that FF-CGF could rival the throughput of the traditional preparative scale FFE devices.

The fifth phase of this research presented an alternative FF-CGF device that was designed
specifically for analytical scale applications, including real-time monitoring for dynamic bioas-
says, and direct interfacing with mass spectroscopy for protein sequencing. During this process,
the design guidelines established in the previous chapter were used to help supply a uniform
counterflow gradient while maximizing voltage efficiency. Interestingly, successful operation
was achieved without the need for high resistance side channels, and the protein was able to
focus almost immediately after entrance. Another unique feature of this design was its ability to
operate at high gradient strengths, which was not possible with previous devices due to voltage
limitations. Therefore, protein focusing could be observed in this gradient regime for the first
time, and the resulting peak measurements appeared to resemble shapes that were predicted by
the previously derived dispersion models. For example, the peak appeared to consist of a highly
concentrated region, followed by a long peak tail. Furthermore, the location of the peak tail
suggested the presence of EOF as predicted by the electrodynamic model.

8.2 Recommendations for Extension of Work

In the end, FF-CGF appears to be a promising separation mode, and will hopefully allow FFE
to reach its potential as a powerful protein fractionation tool. However, FF-CGF has its own
limitations which need to be addressed in future studies, and this includes physical modeling,
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active cooling, detection, and device fabrication. In terms of physical modeling, there is likely
to be Joule heating, and preliminary experimental results suggest that thermal effects are influ-
encing solute dispersion in a complicated manner that is difficult to model. For example, many
of the separation parameters depend on temperature, including mobility, diffusion, and viscosity.
Moreover, the continuous supply of counterflow from the sidewalls will produce a nonuniform
temperature distribution across the separation chamber, and this could make dispersion depen-
dent on focal position. In terms of active cooling strategies, there is clearly a need due to the
aforementioned Joule heating effects. Ideally, existing cooling methods could be leveraged, and
it would be an added bonus to probe the temperature within the chamber. In terms of detection,
a UV system would greatly expand the potential of FF-CGF at the analytical scale, as this could
enable the separations to be continuously monitored without the need for fluorescent labels. This
would require a device material that is UV transparent, which leads to the next point. In terms of
device fabrication, while the methods used in this work were ideal for prototyping, a more robust
approach is needed for high quality separations. For example, because this focusing method re-
lies heavily on fluid dynamics, minor defects in the system can influence the performance. One
option for analytical scale applications would be a device made from glass, and injection mold-
ing has demonstrated potential for larger scale applications. Ideally, this material will also be
rigid and have stable surface properties.

With all that said, the biggest limitation in FF-CGF by far is the dispersion caused by the
parabolic velocity profile of the counterflow. Even at moderate gradient strengths, this leads to
significant solute dispersion that would appear to make this regime unusable. At higher gradient
strengths, the influence of the parabolic profile continues to increase, although here at least there
is the benefit of having a highly concentrated region. However, the peak tails are long, and this
is undesirable for many protein purification applications due to cross-contamination and sample
loss. Therefore, it is important to explore different options for reducing the influence of the
parabolic profile. One option would be to carry out the separation in a porous media, as this will
help flatten the velocity profile. Some capillary-based CGF techniques have adopted this strategy
successfully [132], although it is important to be aware of the fabrication challenges, as well as
the potential protein interactions with the porous media. Another promising option would be
to incorporate an additional counterflow focusing mechanism along the height direction. As a
result, proteins could focus in the middle of the chamber where the curvature of the parabola is
lowest, and this would eliminate the peak tails for high resolution separations. On top of that,
the flow from these regions can provide a source of cooling, and they can help counteract the
harmful effects of density gradients at the preparative scale. Of course, this system would be
more complicated to build, but the potential benefits are significant.
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Appendix A

Supporting Information of Peak Dispersion Investigation

A.1 Analytical Model

The area-averaged x-position of a mass particle in the chamber has been previously derived in
Chapter 3.2. More generally, this can be derived as a function of the y-position:

2
%ZMEP—EV<M>X(1—}]—> (A.1)

Assuming x = 0 at r = 0, this differential equation can be used to find the x-position of the
analytes as a function of ¢:

2\ ! o (122 ),
(1) = 2ugp (1_)’_> ll_e QV(><1 hz)] (A2)

3V (u)

Notice that the term in front of the square brackets represent the focal point x¢(y) along the
y-direction. Similarly, the z-position can be derived from the following equation:

Jdz 3 2
a—f_i(v<u>z+wo) (1—2}—2) (A.3)
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Assuming z = 0 at t = 0, this differential equation can be used to find the z-position of the
analytes as a function of ¢:

3o (1-2
Z:&<€2V(>(l hz)t_1> (A.4)

Rearranging this equation for # gives the transit time in the FFE chamber as:

2 »\ v (u)
t= 3v<u> (l_h_z) In (1+W—Oz> (A.5)

Finally, substituting the above equation into Eq. A.2 gives the x-position as a function of y
and z:

x(y.2) = 3251?; (1 - Z—i)l (1 - (1 +%L:>z)_l) (A6)

If the x-position is described relative to the theoretical focal point x/(y), the focusing per-
centage can then be defined as:

-1
%focused _ (14 v <M>Z (A7)
100 wo

A.2 Equilibrium Conditions

In reality, the time-dependence is more complicated because solute at the centreline will focus
faster and have a shorter residence time than a solute near y = #-1. Nonetheless, the Eq. 4.12 and
4.15 are valid estimates at high focusing percentages, as the following figures show that the solute
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distribution approaches an equilibrium position. Interestingly, for both G, = 0.1 and G, = 100,
the peak shape remains relatively unchanged between 80% and 99% focusing. Therefore, it can
be worth it to settle for 80% focusing and reduce the chamber length significantly. It should
be noted that a shifted coordinate makes the transit time predicted by Eq. 4.12 and 4.15 less
representative, but they remain useful approximations for equilibrium conditions.

A.3 Sample Dilution

A disadvantage with using a 2D model is that it does not account for the dilution of the focused
peaks due to the addition of flow from the sidewalls. It can be difficult to predict this dilution
because it is not a constant process. At first, as the solute flows towards the outlets, its peak will
become more concentrated due to the focusing process, before eventually being diluted by the
constant addition of counterflow as well as the smearing effect. Moreover, the final concentration
of the solute peak will also depend in the width of both the sample inlet and its corresponding
outlet. With that said, the time-dependent 2D COMSOL model can be used to estimate the
dilution process. For example, the width of the sample inlet and all of the relevant outlets can be
predefined as discussed previously. Furthermore, each time step can be related to the z*-position
of the solute in the chamber. Therefore, the dilution factor can be derived as follows:

CoQo = Cz* Qz* (A-S)
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where Cy and Qg represent the concentration and volumetric flow rate, respectively, at the in-
let, while C,+ and Q.+ represent the concentration and volumetric flow rate, respectively, position
Z*. Given that the volumetric flow rate is the average fluid velocity multiplied by the cross-
sectional area of the chamber, and rearranging for C,« /Cy, the following dilution factor can be

derived:

C P
> __ ez (A.9)
Co G,z + Pey

In its current form, the above equation cannot be used in COMSOL due to its dependence on
Z*. Therefore, rearranging Eq.4.12 for z*, this can be substituted into Eq. A.9 to give:

Cr —Gyt*
= X A.10
c =€ (A.10)

It is interesting to note that the above equation is an exponential decay in concentration, where
an increasing G, will increase the rate of decay. If Eq.4.15 is substituted into this equation, then
the dilution factor can be written as

Cy % focused
=1-— A1l
Co 100 ( )

Notice that it is now independent of the dimensionless parameters, and determined entirely
by the level of focusing in the system.

A.4 Trendlines for Fitting Parameters

Preliminary curve-fitting identified the following regimes that can be fit with either an EMG
function or a combination of the EMG and EV functions. To identify a trend in peak behaviour,
several G, values can be simulated and fitted over a wide range of Pegp /G, values, and then their
fitting parameters can be plotted. As discussed previously, the peaks exhibit different behaviour
for Pepp/G, > 10, and therefore the fitting parameters above and below this threshold will be
plotted separately for an improved accuracy.
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