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Abstract
Taylor dispersion analysis (TDA) can be used for characterizing size of particles over a wide range.
This method is performed on a capillary column and its simplicity and reproducibility offer many
advantages over other more commonly used techniques for sizing. In the first part of the thesis,
different sizing techniques are reviewed and their advantages and disadvantages are discussed.
In the second part of this thesis, numerical modeling is used to optimize the operating conditions
for performing TDA. In addition, the validity of TDA conditions is verified and the optimum
conditions for performing TDA are discussed. Also, the effect of electric field on the validity of
TDA and its application for a mixture of molecules with different sizes is studied. It is concluded
that care must be taken to choose parameters in a way that lead to optimal TDA results. For the
mixtures, using electric field is advantageous, because it not only leads to separation of molecules
but also gives information on the charge of the molecules.
In addition to numerical modeling, the equations for TDA to be used in the presence of
electrophoretic mobility are modified and compared to the diffusion coefficients obtained using
classical TDA. In this part of thesis, in addition to pressure, voltage is also applied to separate the
components of mixtures and characterize the size of individual species. The results indicate that
using the modified equations make the resulting values more consistent with the ones obtained
from classical TDA. Our method can be used for mixtures, and in this thesis, a preliminary attempt
has been made to characterize the size and charge of a mixture of proteins and peptides and amino
acids.
The final part of this thesis discusses the dispersion of proteins and small peptides during
electrokinetic migration. Like conventional Taylor dispersion, peak broadening is more
ii

pronounced for particles with smaller diffusion coefficients. The theoretical description of band
broadening caused by electroosmotic flow dispersion (EOFD) and the experimental verification
of this phenomenon are presented.
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Lay summary
This thesis mainly focuses on the development of sizing techniques for a mixture of proteins and
peptides. The authors of this thesis have modified the equation, which is used for the estimation
of the size of a wide range of molecules. The derived equation, which is verified by experiment
and simulation, extends the application of capillary electrophoresis as a sizing technique. The last
part of this thesis is devoted to explaining a phenomenon observed for large molecules in the
presence of an electric field in capillary tubes.
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Chapter 1: Introduction to capillary electrophoresis and
Taylor dispersion analysis for the characterization of proteins
and protein aggregates

1.1

Capillary electrophoresis

Capillary electrophoresis (CE) is a separation technique which is based on the differential
movement of charged species in an electric field. The principle was introduced by Arnie Tiselius
in 1937. He placed the protein mixture in a tube between two buffer solutions and applied an
electric field. He found that the proteins migrate in a direction and rate dependent on their charge
and mobility. He used electrophoresis to separate human serum into albumin, α-globulin, βglobulin, and γ-globulin.

1

Tiselius was awarded a Nobel prize for his pioneering work in

separation science in 1948.
Electrophoresis in free solution, as performed by Tiselius, did not get a lot of attention, due to its
low separation efficiency caused by thermal diffusion and convection. Hence, anti-convective
media, such as polyacrylamide or agarose gels, were used to eliminate convective transport and
thermal diffusion. Gels in the slab or tube format have been used for the separation of biological
macromolecules, such as nucleic acids and proteins. However, gel electrophoresis generally
suffers from long analysis times, low efficiencies, and difficulty in detection and automation. 2 3
Since narrow capillaries have a low conductance, only small amounts of heat are generated in
narrow capillaries. Therefore, the electrophoretic separation in narrow-bore open tubes or

1

capillaries is an alternative approach to avoid the thermal diffusion and convection. The principle
of capillary electrophoresis was investigated in 1967 by Hjerten and coworkers who for the first
time performed zone electrophoresis in linear tubes with a diameter of 1-3 mm. 4 The use of narrow
bore capillaries for CE has some advantages over the two-dimensional gel electrophoresis in terms
of sensitivity, specificity, and separation speed. Further progress in capillary zone electrophoresis
was made by Virtanen, and then Mikkers and Everaerts, who performed electrophoresis in
capillaries made from glass and Teflon with an inner diameter of 200 µm. 5
In 1981, Jorgenson and Lukacs demonstrated the use of open tubular capillaries with an inner
diameter of 75 µm as separation column. Jorgenson also clarified the theory and demonstrated the
potential of capillary electrophoresis as an analytical technique. 6
Jorgenson’s work brought special attention to the use of this technique, especially after the
instrument was made commercially available. In the last few decades, CE has progressed from the
research lab into practical applications in many fields such as (bio)pharmaceutical, forensics
clinical, food, and environmental chemical and biochemical analysis.
Owing to its high separation efficiency, short analysis time, and minimum sample and buffer
consumption, CE has entered the research and industry community.

1.1.1 Instrumentation
The basic instrumental configuration for CE is relatively simple. Figure 1.1 shows a schematic setup for a generic CE instrument. It consists of a narrow bore capillary tube immersed into two buffer
vials. The capillary is usually made of fused silica and the outer surface is coated with polyimide
and the inner diameter is usually 25-75 μm. Near the end of the capillary, a small portion of the
2

polyimide is typically removed to create a transparent light path for optical detection which is
called the detection window. The buffer vials also contain the two chemically inert electrodes (e.g.
platinum) used to make electrical contact between a high power supply and the capillary. 7

Figure 1.1 Schematic diagram of a capillary electrophoresis instrument with online optical detection.

CE analysis is conducted in several general steps. First, the capillary column is pre-equilibrated by
rinsing it with background electrolyte (BGE) prior to sample injection. Then, the sample is
introduced either hydrodynamically or electrokinetically by inserting the end of the capillary into
the sample solution. The sample plug usually occupies less than 3% of the total capillary column.
A very high electric field, often higher than 500 V/cm, is then applied to drive the species towards
the CE outlet. The analytes, separated based on their different mobilities in the BGE, pass by the
detection window, causing optical absorbance changes at different times. The changes can then be
converted into digital signals and recorded by a computer. 8

3

1.1.2 Separation principles
In CE, analytes are separated based on their electrophoretic mobility, which is a characteristic of
the ion of interest, and it is determined by the charge to size ratio of the analyte.

7

The normal

polarity is usually from the anode (inlet) to the cathode (outlet and detector). When high voltage
(strong electric field) is applied across the separation capillary, the charged species in the solution
accelerate under the electrostatic forces (FE ). Moving in the solution, the charged species also
experience drag forces (FD ). These two forces oppose each other so that the ion travels at a constant
electrophoretic velocity. The electrophoretic velocity is determined by the ion’s net charge, q, the
electric field (quotient of the applied voltage and capillary length) in the capillary, E, the hydrated
ion radius, R, and the viscosity of the solution, η, as seen in Eq (1-4). Additionally, v is ion velocity,
and μep is the electrophoretic mobility of the ion.
𝐹⃗𝐸 = 𝑞𝐸⃗⃗

(1-1)

𝐹⃗𝐷 = 6𝜋𝜂𝑅𝑣

(1-2)

𝑞𝐸⃗⃗ = 6𝜋𝜂𝑅𝑣

(1-3)

𝑞𝐸⃗⃗

𝑣𝑒𝑝 = 6𝜋𝜂𝑅

(1-4)

.
To describe the electro-migration behavior of ions independent of electric field, the electrophoretic
mobility is defined below: 9
𝜇𝑒𝑝 =

𝑣𝑒𝑝
𝐸⃗⃗

𝑞

= 6𝜋𝜂𝑅

(1-5)

4

Figure 1.2 shows how molecules with different charges and sizes are separated in CE. It also shows
that the negative ions move toward the anode (inlet) and the positive ions move toward the cathode
(outlet). It is evident from Eq (1-5) that the neutral species don’t move under electric field.
Therefore, not all of the species would pass through the detection window. However, under
appropriate conditions, all analytes can be detected, indicating that there is another bulk flow that
drives the analytes in the separation capillary from the anode to the cathode, which is called
electroosmotic flow (EOF). 10

Figure 1.2 Schematic CE separation of molecules with different mobilities: positive species move toward
cathode, negative species move toward the anode, and neutral species do not move under electric filed;
Electroosmotic bulk flow moves all the species toward the cathode.

5

1.1.3 Electroosmotic flow: a mode of transport
Electroosmotic flow (EOF) is the bulk flow of solution in the capillary column and exists because
of the surface charge on the interior of the capillary wall. EOF assists in transporting the analytes
toward the detection window. It is generated when the applied electric field interacts with the ions
in the diffuse layer of an electrical double layer. 11 For example, for a bare fused silica capillary,
when flushed with a BGE (pH>3), the silanol groups deprotonate and the capillary wall surface is
negatively charged. The negatively charged silanol groups on the inner wall attract cationic species
from the buffer, and due to strong electrostatic forces between counter ions, the cations form a
fixed electrical charged layer (Stern layer). Also, a layer of mobile ions (diffuse layer) is formed
because the positively-charged counter ions in the Stern layer are not enough to neutralize all the
negative charges on the capillary surface. The Stern layer and diffuse layer form the electrical
double layer. The overall charge of the diffuse layer is positive since there is an excess of positive
ions. When a voltage is applied, cations in the diffuse layer migrate in the direction of the cathode,
carrying hydrating water molecules with them. The hydrogen bonding between the hydrating water
molecules and the bulk solution water molecules cause bulk flow towards the cathode. Therefore,
EOF is formed with a flat flow profile, which is a unique feature of CE in comparison to High
performance liquid chromatography (HPLC). Figure 1.3 depicts the electrical double layer and as
illustrated in this figure, the electrical potential decreases linearly with the Stern layer and
exponentially within the diffuse later until it approaches zero in the bulk solution. The potential
at the interface of the Stern layer and the diffuse layer is called the zeta potential (ζ), and it plays
an important role in the determination of EOF. 12
The magnitude of electroosmotic mobility is determined by Eq (1- 6), where ε is the dielectric
constant of the fluid, η is the viscosity of the fluid, and ζ is the zeta potential. 13

6

𝜇⃗𝑒𝑜 =

⃗⃗𝑒𝑜
𝑣
𝐸⃗⃗

𝜀𝜁
= 4𝜋𝜂

(1 − 6)

The zeta potential is determined by the surface charge on the capillary wall. Since this charge is
strongly pH dependent, the magnitude of the EOF varies with pH. At high pH, where the silanol
groups are deprotonated, the EOF is significantly greater than at low pH where the silanol groups
become protonated.
The apparent mobility of an analyte is the sum of the electroosmotic mobility and the
electrophoretic mobility (Eq 1-7). Analytes with different apparent mobilities are separated in CZE
as shown in Figure 1.2 EOF makes the analysis of cations, anions, and neutral species possible in
one single analysis.

𝜇⃗𝑎𝑝𝑝 = 𝜇⃗𝑒𝑝 + 𝜇⃗𝑒𝑜𝑓

(1 − 7)

EOF can be controlled by altering the capillary surface charge or buffer viscosity, concentration,
and pH. The rate of EOF can be changed by decreasing or increasing the electric field. 14
EOF can also be controlled by coating the capillary wall. Coatings can increase, decrease, or
reverse the surface charge of the inner wall, and therefore affect the EOF.

7

Figure 1.3 Structure of the electrical double layer and resulting EOF due to the deprotonation of the barefused silica capillary wall, and potential profile with increasing distance from the wall.

1.1.4 Capillary coating
Bare-fused silica capillaries are commonly used for separating species in CE. The pKa of the
silanol groups on the inner capillary wall is approximately 3.5, and at a pH above 4, the inner
surface of the capillary is negatively charged. 15 Due to the charged inner surface of the capillary,
charged analyte-capillary wall interactions are unavoidable which may result in a change of EOF
and migration time of analytes. 16
Interactions between analytes and the capillary wall can be partly reduced by using buffers with
extreme pH and high ionic strength; however, these conditions may affect the stability of analytes
such as proteins. To resolve this issue, coating the inner wall of the capillary is an effective
approach, which also facilitates the modification of magnitude and direction of EOF to obtain
better separation performance. When choosing the coating for CE, one should consider the coating

8

stability over time, compatibility with different BGEs and sample matrix components, and the
facility of introduction of the coating materials into the capillary column. 17-19
Capillary wall coatings are either static or dynamic, depending on how the coating is attached to
the capillary wall surface. In static coatings, the coating materials are bonded covalently to the
capillary wall and they permanently modify the inner wall of the capillary. 20-21 In dynamic coating,
there is an adsorptive secondary interaction between the wall and coating material; the dynamic
coatings are added to the BGE to minimize analyte adsorption to the capillary wall by competing
with the analytes for the silanol binding sites.19 Hybrid coatings are a combination of dynamic and
static coatings, in which one layer is bonded covalently to the capillary wall and the other layer is
adsorbed on top of that the first layer.
Static coatings fall into two categories: static-adsorbed (physical adsorption) or static-covalent
(chemical reaction) and can be either positive or neutral. Static-adsorbed coatings are preferred
over the static-covalent coatings because: (1) the coating procedure is simple, (2) the coating
regeneration is straightforward and is performed by using strong acidic or basic solutions, (3) the
coating is strongly adsorbed to the wall and is stable, and (4) the coatings are commercially
accessible and small volumes of coating material are required. 22-23
The coatings used in this thesis are both static coatings: a positively-charged coating,
Polyethyleneimine (PEI), and a neutral coating, hydroxypropyl cellulose (HPC). The procedure
for PEI coating is based on US patent 6923895 B2 in which cationogenic amine groups interact
with the negatively-charged silanol groups of the capillary wall through electrostatic interactions.
24

Since this coating forms a cationic layer on the capillary wall, the EOF direction is reversed and

therefore the polarity is also reversed to guide the bulk flow toward the detection window.
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Neutral coatings are generally covalent and suppress the EOF. In this thesis, HPC-coated
capillaries are prepared using the method offered by Shen and Smith. 25 Briefly, HPC is introduced
into the capillary via positive pressure, and then heating the capillary results in permanent binding
of HPC to the capillary inner wall. This coating is very stable over a wide pH range because
hydrogen bonding interactions fix the neutral coating to the capillary wall. Since the inner wall of
capillary is neutral, the EOF is negligible and does not play a role in the migration of analytes.

1.2

Taylor dispersion analysis

Taylor dispersion analysis (TDA) dates back to 1953, when Geoffrey Ingram Taylor observed that
the axial dispersion of solute occurs when the radial diffusion of the molecules is combined with
convection due to the inhomogeneous cross-sectional velocity of the fluid.

26

He used semi-

analytical arguments to show the Fickian nature of the mean axial dispersion of a solute undergoing
convection by Poiseuille flow and radial diffusion simultaneously in a circular cylindrical tube. 27
He showed that in the long-time limit, the mean axial dispersion obeys a simple one dimensional,
convective-diffusive equation. Taylor found that dispersion is caused by the interaction of two
independent solute transport mechanisms (inhomogeneous radial velocity field and the diffusion
of solute molecules). He also found that this axial dispersion is inversely proportional to the
molecule diffusion coefficient which has been repeatedly observed in experiments.

28

This

phenomenon was firmly established by Aris in 1956. Aris further generalized Taylor’s analysis to
include the effects of axial molecular diffusion upon the dispersion process.

29

In the last decade,

TDA has been used as an absolute and fast method for the determination of diffusion coefficients
and therefore hydrodynamic radii of molecules.
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1.2.1 Principles of TDA
When Poiseuille flow is established in a tube, a parabolic velocity profile exists over any crosssection normal to the tube axis so that the fluid at the center of the tube moves at twice the average
fluid velocity. 30 Then, a pulse of solute is introduced into the steady flow within a long circular
cylindrical capillary, and the solute concentration is recorded at the detection window. As depicted
in Fig 1.4, when the sample plug is injected into the solution in the capillary column, radial
inhomogeneity occurs initially, in which the sample plug takes a parabolic shape due to the
parabolic velocity profile of the hydrodynamic flow. Caused by radial diffusion, molecules move
from lower-speed streams in the back of the parabolic sample plug to the higher-speed edges while
the reverse occurs at the front of the plug. In short, the molecule’s diffusion in radial cross section
speeds up the particles at the back of sample plug and slows down particles at front, which results
in a compact and homogeneous plug. After a sufficient amount of time, an elongated homogeneous
plug would travel along the tube with the mean speed of flow. Because of the combination of
convection and radial diffusion, a symmetric distribution of molecules in the sample plug is
achieved which follows a normal distribution.

Figure 1.4 Qualitative illustration of Taylor dispersion phenomenon: (1) a small plug of solute is injected
and transported through the column, (2) the parabolic velocity profile of the fluid produces a concentration
gradient between the center of the capillary and the wall, which causes the solute to diffuse in radial
direction, (3) after a certain time, the plug is dispersed uniformly in axial direction.
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Taylor derived the equation which describes the axial dispersion of particles as a result of the
combined effect of convection and radial diffusion:

𝐷∗ = 𝐷 +

𝑅𝑐2 𝑢̅2
48𝐷

(1 − 8)

where D is the molecular diffusion coefficient, 𝑅𝑐 is the tube radius, and 𝑢̅ is the average velocity
of the flow. Derivation of this equation is shown in chapter 4.
Often, the first term in Eq (1-8) is negligible compared to the second term, so it can be simplified
and rearranged to derive the diffusion coefficient. 26, 31
𝑅𝑐2 𝑢̅2
𝐷=
48𝐷∗

(1 − 9)

Using the Einstein equation, the diffusion coefficient is related to experimental values such as peak
variance and migration time.
𝜎𝐿 2 = 2𝐷∗ 𝑡

(1 − 10)

𝜎𝐿2 = 𝜎𝑡2 × 𝑢̅2

(1 − 11)

𝐷=

𝑅𝑐2 𝑡
24𝜎𝑡2

(1 − 12)

Eq (1-12) is usually used to determine diffusion coefficient of particles experimentally. Finally,
the hydrodynamic radius (𝑅ℎ ) is inversely related to the diffusion coefficient via the EinsteinStokes equation: 32

𝑅ℎ =

𝑘𝐵 𝑇
6𝜋𝜂𝐷

(1 − 13)
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where 𝑘𝐵 is the Boltzmann constant, T is the temperature and 𝜂 is the viscosity of the solvent.

1.2.2 Conditions of TDA
For Eq (1-9) to be valid, two conditions must be met. 31, 33 The first condition requires the migration
time to be much greater than the time needed for the particles to diffuse radially across the
capillary. As will be discussed in chapter 3, the time, for the particles to diffuse radially, varies
with different diameters of capillary column and diffusion coefficient of the particles; therefore, it
can be also expressed in terms of a dimensionless residence time, which is the mean analyte
residence time to the time required for an analyte to diffuse to a distance equal to the radius of the
capillary.

𝜏=

𝐷𝑡
3
≫
𝑅𝑐2 80𝜀

(1 − 14)

We mentioned that Eq (1-8) can be simplified to Eq (1-9) when the first term is negligible. This
assumption is only valid if the axial diffusion of the solute is negligible when compared to its
dispersion. This can be expressed with Peclet number (Pe) which is also a dimensionless parameter
(Eq 1-15). 34

𝑃𝑒 =

𝑢𝑅𝑐
48
≫√
𝐷
𝜀

(1 − 15)

Fig 1.4 shows that at the beginning of the injection, there is a small amount of diffusion happening
axially (shown with dotted lines). Then, after enough time, the dispersion occurs axially, which is
more significant than axial diffusion.
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Both the residence time and Peclet number must be greater than a certain value for Eq (1-12) to be
valid. The minimum value depends on the relative error (ε) on the determination of D that can be
tolerated.

1.2.3 Instrumentation
Taylor set-up
The first set-up for TDA was designed by Taylor to test the proposed equations. Taylor devised
the set-up shown in Figure 1.5 and measured the dispersion of permanganate molecules in a long
narrow tube. He examined this system with and without the effect of longitudinal diffusion, and
with convection only, and with a combination of convection and radial diffusion (Taylor regime).
26

This set-up was not used for decades until the emergence of capillary electrophoresis which

offers several advantages for performing TDA.

Figure 1.5 Taylor apparatus set up designed by Geoffrey Taylor to study the convection and diffusion of
molecules in fluids

14

In this apparatus, Tube A is filled with a solution of permanganate. Tube B is filled with a different
known concentration of permanganate and is used as a reference to determine the concentration of
different parts of tube A. Chamber E is filled with a 1% solution of KMnO4 and a pressure is then
applied to the liquid in chamber E.
First, Taylor tested if the molecular diffusion in the longitudinal direction is small enough to be
negligible. After applying pressure to liquid E, he opened valve N slightly and started a stop watch.
When the front of the colored column approached the exit end of the pipe, he closed the needle
valve. It was found that, as expected, the molecular diffusion in the longitudinal direction was so
small that no appreciable change in color at a fixed spot occurred in several hours after the closing
of N.
To calculate the diffusion coefficient of KMnO4, the valve N was opened to allow the solution to
flow and the duration of the flow was long compared with a2/3.82D with “a” being the radius of
the tube. Then Taylor used the equation derived for the Taylor regime and calculated the diffusion
coefficient of permanganate to be 0.8× 10−5 c.g.c unit. 26
Capillary electrophoresis
One of the requirements of performing TDA is long narrow tube as well as having a detection and
a pumping system. Capillary electrophoresis offers these requirements in addition to its ability to
be automated. Therefore, CE is a good candidate and is most often used for TDA experiments. The
cartridges in CE can be modified to be used for two detection window TDA, which offers some
advantages over the one detection system, such as eliminating the effect of other sources of
dispersion. TDA adds another dimension to the application of capillary electrophoresis by enabling
it to be used as a size characterization technique.

15

Malvern instrument
The Malvern Viscosizer system is the commercialized version of TDA which can rapidly
determine the hydrodynamic radius of a molecule. It enables the mass-weighted sizing of a mixture
of small molecule- and protein-based systems in biological samples using TDA with UV-selective
detection. This apparatus is capable of determining size in the range of 0.2-50 nm. A UV light
imaging array is used to measure the absorbance of an injected sample as a function of time, as it
is driven by pressure through a narrow bore fused-silica capillary with two detection windows.
For size measurements, the capillary diameter is approximately 75 mm and the typical run pressure
is 140 millibars (2 psi). This combination of capillary diameter and pressure, along with the
positions of the two detection windows, assures the validity of the two conditions of TDA for a
broad range of typical hydrodynamic radii. To obtain the sizes for each constituent of the sample,
an individual fitting is carried out to estimate the radii from the widths and areas of the
component taylograms. 35

1.3

Sizing of proteins and their aggregates

1.3.1 Proteins
Proteins are organic compounds made of amino acids arranged in a linear chain and folded into
globular form. The peptide bonds between the carboxyl and amino groups join the amino acids
together. The proteins are translated from RNA which is transcribed from DNA. In general, DNA
specifies 20 standard amino acids that are used to create proteins. After synthesis, proteins undergo
post-translational modifications which adjust their physical and chemical properties, folding,
stability, activity, and ultimately, function. Most proteins are typically active as folded monomers
16

and the shape into which a protein naturally folds is known as its native conformation, which is
the most thermodynamically favorable state. The folding process is driven because of the tendency
of the hydrophobic parts of the protein to shield themselves from the hydrophilic environment.
The size of a protein is an important physical characteristic that provides useful information
including the presence of monomers, dimers and trimers, changes in conformation, aggregation
state, and denaturation.

36

Protein-based pharmaceuticals are growing fast for the treatment of

autoimmune diseases and various forms of cancer. As a result, more information about the size
characterization of proteins is needed to assure the consistency of the protein products. 37

1.3.2 Aggregation of proteins
Protein aggregation occurs either naturally in living bodies when misfolded proteins aggregate, or
in the production of protein-based drugs. The natural aggregation of proteins has been correlated
with diseases such as amyloidosis, including Alzheimer’s, Parkinson’s and prion diseases.

38-39

Generally, the protein structure is stabilized by Van der waals, ionic interactions, or disulfide
bonds. When these interactions or bonds change, the proteins are susceptible to misfolding or
unfolding. In these cases, if the cell does not assist the protein in refolding or degrade the unfolded
protein, unfolded/misfolded proteins may aggregate. Many techniques are available for the
analysis of protein aggregates.

40-41

Size is one of the physicochemical properties that changes

during protein aggregation; therefore, sizing techniques are important for analyzing protein
aggregation. Different sizing methods, such as size exclusion chromatography or Dynamic Light
Scattering, can also be used to characterize protein aggregates. Four different sizing techniques are
reviewed in chapter 2 of this thesis.
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1.4

Research objectives

1.4.1 Numerical modeling of Taylor dispersion analysis
The numerical modeling of classic Taylor dispersion analysis is discussed in chapter 3. Further
investigation on TDA in the presence of electric field has be done as well.
All simulations were carried out in COMSOL Multiphysics software in two-dimensional
geometry. The diameter of the modelled capillary was kept at 50 µm to remain consistent with the
capillary columns used in experiments, but the length was varied to reduce calculation time. Using
software to investigate not yet mature methods will give more freedom for changing parameters
and analytes.
Chapter 3 is devoted to discussing the parameters affecting the accuracy of Taylor dispersion
analysis and investigating the possibility of using voltage alongside pressure in TDA experiments.
To the best of our knowledge, no simulation works using COMSOL Multiphysics have been done
on TDA and the application of electrophoretic flow.

1.4.2 Modification of equation used in TDA in the presence of electrophoretic
flow
As discussed in chapter 3, the application of voltage and electrophoretic field is investigated
numerically for TDA. In chapter 5, the TDA experiments are conducted on the particles with
different sizes in the presence and absence of electrophoretic flow. In addition, the equations
proposed by Taylor are reworked to include the electrophoretic mobility. Further discussion on
each new parameter appearing in TDA equations is still needed; however, the modified equations

18

presented in this thesis lay the ground work. The presented experimental results support the
proposed equations.

1.4.3 Investigating band broadening of large molecules in the presence of EOF
In chapter 6, the unusual band broadening of large molecules in CE is investigated. The previously
established equations were used and plotted for our system to rationalize the unexpected peak
width of the proteins in the presence of electroosmotic field. In this chapter, the conditions for
controlling the peak width of electropherogram for proteins are suggested.

1.4.4 Investigating the aggregation of proteins
As mentioned in chapter 2, aggregation is an unwanted phenomenon when dealing with proteins.
In chapter 7, proteins are aggregated thermally and their peak width is studied in the presence of
Poiseuille flow and electrophoretic flow. In this work, BSA and IgG were heated to above their
melting point and then thawed. The electropherograms were collected before heating, heating to
temperature before melting point, and heating to the temperature above melting point. This chapter
provides the preliminary works but more research is required to investigate this phenomenon in
more detail. Further directions are suggested in future work.
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Chapter 2: Particle sizing methods for the detection of
protein aggregates in biopharmaceuticals
Note: This chapter has been published as a review paper in the journal Bioanalysis, Volume 1,
Pages 96-108.

2.1 Introduction
Proteins play essential roles in the human body. They can be major components of cell structure,
catalyze biochemical reactions, act as receptors for signaling molecules, and transport molecules
within a cell. 42 They naturally require a three-dimensional folded structure to function effectively.
37, 43

The fundamental forces that drive protein folding include van der Waals and hydrophobic

interactions, hydrogen bonding, as well as charge-charge interaction, among others. 44 These types
of interactions occur between amino acids, the building blocks of proteins, and are critical to
maintaining structural integrity. However, these interactions do not only occur between amino
acids of the same protein but also occur between amino acids of adjacent proteins. Inter-protein
interactions can result in aggregation if the newly synthesized protein does not fold correctly, or if
certain chaperone molecules within the cell fail to initiate the degradation or refolding of the faulty
protein. Consequently, protein aggregation is an inevitable phenomenon that occurs under certain
conditions; 37 mutations, defects in protein biogenesis, environmental stress conditions, and aging
can all cause protein aggregation in cells.

45

This aggregation has been identified as the primary

cause of neurodegenerative diseases such as Alzheimer's (AD), Parkinson's (PD), and Huntington's
disease (HD). 46 Protein aggregation is not only the origin of the diseases as mentioned earlier but
also a major concern for pharmaceutical industries.
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Pharmaceutical companies are becoming increasingly reliant on proteins for the development of
therapeutic drugs. There has been a remarkable increase in the development of protein-based drugs
since the approval of insulin as the first recombinant protein-based therapeutic by the US FDA in
1982. 47 Currently, about 250 protein-based therapeutics are commercially available, and they have
played a critical role in improving human health during the last decades. They have been
successfully used to treat and control some debilitating diseases, such as diabetes and various
forms of cancer.

39, 48

The remarkable growth of protein-based drugs has been influenced by the

advantages they offer over small molecule drugs, such as lower toxicity and higher specificity
towards targets.

49

However, protein aggregation poses a challenge for the development of

biological products. Aggregation can adversely affect product quality and efficacy, or potentially
induce an immune response in the patient. 50 Regulatory agencies such as the FDA exist for this
reason; they certify the safety and efficacy of drugs before they are approved and allowed to enter
the market. 51
Aggregation can occur during the manufacturing of protein-based therapeutics due to variation in
solution conditions (pH, ionic strength, and the presence of surfactants), temperature fluctuation,
or exposure to light. 52 Even if all of these variables are controlled, there is still a possibility that
aggregates will form during production, storage, shipment or delivery to the patient. 53 In this way,
the formation of aggregates under various conditions should be investigated to ensure the safety
and stability of protein formulations. The early detection and characterization of protein
aggregates, including size, morphology, and interactions, is critical in therapeutic products.

54

Moreover, the in vitro and in vivo screening of protein aggregation can advance the understanding
of which molecular mechanisms cause the protein aggregation associated with neurodegenerative
disease. 55
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The growth of the biotech industry has increased the demand for analytical techniques that can be
used to study proteins and their aggregates. Sizing techniques are the workhorse for this field
because changes in size are most noticeable when proteins move from monomer to oligomer and
then to aggregates. 41 However, the unknown nature of aggregates, as well as their wide size range,
from a few nanometers to a few millimeters, makes the analysis of protein aggregates challenging.
56

Each of the available sizing techniques covers a specific range of sizes, so the combination of

several techniques is necessary to gain comprehensive knowledge about which types of particles
are present in a sample. These techniques are based on different physical principles and hence
generate different types of information about the sample. 57
Previous reviews have described various sizing techniques that can be applied to the study of
protein aggregations but have focused on either a particular instrument or a specific particle size.
Pryor et al. reviewed a variety of techniques used to study the aggregation of amyloid β protein
(Aβ), which plays a significant role in several diseases, such as Alzheimer's disease. They also
compared the resolutions, sensitivities, and costs of these techniques for the quantitative detection
of aggregates with different sizes.

58

John den Engelsman et al. published a commentary paper

with some recommendations from biotech societies about which strategies should be implemented
to prevent protein aggregation and therefore, unwanted immunogenicity.

59

Some authors have

rather focused on one specific technique, such as dynamic light scattering, presenting its
implications for a broad range of particle sizes.

60

Besides, other papers have discussed recent

advances in analytical techniques with a focus on biotherapeutic proteins and antibodies.

54

However, to our knowledge, none of these reviews have presented the theory and applications of
sizing techniques for protein aggregates in plain and non-technical language. A comprehensive
understanding of the instruments, along with the applications and limitations of techniques, will
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help pharmaceutical researchers choose the optimal method for their studies with more finesse. In
this review paper, we present four analytical techniques that can be used to study protein
aggregation. In addition to a discussion about the applications of each technique, the underlying
principles and technical concerns are also discussed. Figure 2.1 shows how frequently the four
techniques presented in this paper have been used to study proteins and their aggregates over the
past 20 years.

Figure 2. 1 Annual number of articles featuring (A) DLS, (B) SEC, (C) EM, (D) TDA, in the title or
abstract between 1995-2015, according to Science Direct (left) for all types of particles, (right) for
studying proteins and protein aggregates
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2.2 Techniques
2.2.1 Dynamic light scattering
Dynamic light scattering (DLS) is a well-established method and is widely used to measure the
size and size distribution of particles. The noninvasive nature of this technique makes it a good
candidate for early stages of research that use valuable materials. 59 DLS is an ensemble method
that measures all particles at once, as opposed to separation and counting methods. 61 It is used to
measure the size of a variety of particles, including proteins, protein aggregates, and polymers.
DLS measures particles with a broad range of sizes; it is effective from the nanometer scale, for
quantum dots and nanoparticles, to the micrometer scale, for polymers and grains. 62-65 Fast data
acquisition, high sensitivity and the reproducibility of this technique have made it a favorable
monitoring technique and attracted attention from many pharmaceutical companies. 66
Dynamic light scattering is based on the scattering of light from particles and their inherent
Brownian motion. Scattering occurs when coherent monochromatic light with a wavelength of λ
strikes a particle. If the size of the particle is considerably smaller than the wavelength of the
incident light (typically less than 1/10 λ), then the scattering will be elastic (Rayleigh scattering),
and the intensity of the scattered light is proportional to the sixth power of the particle's radius. 67
The intensity of the scattered light fluctuates over time due to the Brownian motion of the particles,
which describes the random movement of particles in a fluid caused by interaction with
surrounding molecules. The rate of this Brownian motion depends on the diffusion rate of the
particles, which is affected by particle size, viscosity, and temperature. Therefore, the intensity
fluctuations recorded during DLS analysis provide time-scale information about the motion of the
particles in the medium (Diffusion coefficient). A larger particle will have a smaller diffusion rate,
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and therefore, a slower intensity fluctuation.68-70 A time-domain analysis method, the
autocorrelation function, is often used to extract quantitative information from the scattering
intensity fluctuations. Hence, DLS is also referred to as photon correlation spectroscopy (PCS). 69
Figure 2.2 shows the intensity fluctuations of scattered light versus time for particles with two
different sizes, as well as the subsequent correlation function plot. The correlation decreases over
time, and this decay is representative of the diffusion coefficients of the investigated particles. For
monodisperse, spherical particles undergoing Brownian diffusion, the autocorrelation function
decays exponentially over the delay time τ as follows:
g(τ) = A. e−Dq

2τ

+B

(2 − 1)

where D is the translational diffusion coefficient and q is dependent on the scattering angle, the
refractive index of the medium, and the wavelength of the laser light. 69
For spherical particles, the hydrodynamic radius Rh can be obtained from the translational
diffusion coefficient (D) using the Stokes−Einstein relationship:

D=

kBT
6πηR h

(2 − 2)

where kB represents Boltzmann's constant, η is the solvent viscosity, and T is the absolute
temperature. If the particle is non-spherical, then Rh can be used to describe either the apparent
hydrodynamic radius or equivalent sphere radius. DLS experiments use these relationships to
transform the obtained data into particle size information. 71

25

The cumulants method is widely used to derive size distribution information for polydisperse
samples. This method assesses the mean size and polydispersity index and it reports the size in
terms of intensity-weighed mean diameter (Z average). 69

Figure 2. 2 DLS instrumentation and (A) the fluctuation of
intensity of scattered light versus time for different sized particles
with (B) the subsequent correlation function

DLS measures hydrodynamic size, which is the diameter of a hard sphere that diffuses at the same
rate as the particle being measured. The hydrodynamic size not only depends on the particle itself
but also on the types of solvation forces that exist in solution, along with surface adsorption. 72 For
a non-spherical particle, DLS will give the diameter of a sphere that has a similar average
translational diffusion coefficient as the particle of interest, but which also has a higher
polydispersity index (PDI). 73
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The precision and repeatability of DLS depend on the measured parameter. For example, the
calculation of Z-average is one of the most robust properties of DLS, as it is calculated directly
from the decay rate of the intensity correlation function. Since the calculation of the Z-average is
mathematically stable, the result is insensitive to noise and therefore a preferred DLS size
parameter. 69
In contrast to some other techniques that require specific temperature, pH, and salt concentration
conditions for analysis, DLS performs under normal operating conditions, which allow proteins to
maintain their native structure. The fact that proteins maintain their native structure benefits the
study of intrinsically disordered proteins (IDPs), which lack a three-dimensional structure. IDPs
play a vital role in the pathology of numerous diseases, including cancer, neurodegenerative
diseases, and infectious diseases. 74 The investigation of IDPs started during the 1990s, and their
unusual behavior soon attracted the attention of many scientists and protein engineers.

75

Static

light scattering (SLS) is used along with DLS to characterize the size, molar mass, and
intermolecular interactions of IDPs. 76
The diversity of information provided by DLS makes it applicable to various areas of the protein
industry. In addition to information about size, DLS can report the polydispersity index (PDI),
which is a good indicator of the homogeneity of a studied product. This parameter can play an
important role in crystallography studies. A homogenous solution and pure macromolecules are
required to grow the few large, high-quality, and high-performance crystals that will be analyzed
through X-ray diffraction. 77 DLS is one of the methods that are routinely used to evaluate protein
homogeneity under various conditions and concentrations. The advent of highly-sensitive DLS
instruments equipped with plate readers has made this technique easier, faster, and more desirable
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for crystallography applications. Another advantage of this method is that the protein is easily
recovered for other uses after the measurement. 78
In an ideal DLS measurement, the reported size is independent of the concentration. However, in
reality, there are certain restrictions on the concentration range. At low concentrations, there may
not be enough dispersant to scatter the incident light, which will result in a very low signal to noise
ratio. At high concentrations, on the other hand, there is a risk of multiple scattering along with
changes in viscosity and aggregation.

79-80

Furthermore, measurements of concentrated solutions

include a possibility of inter-particle and hydrodynamic interactions, both of which can affect the
accuracy and precision of DLS results. However, the adverse effects of these interactions can be
eliminated by extrapolating the apparent hydrodynamic radii to a concentration of zero. Takeuchi
and et al. used this method to evaluate the size of a set of globular proteins, and the accuracy they
reported was comparable to results obtained from more established methods, such as size exclusion
chromatography (SEC). 81
The applicability of DLS to highly concentrated protein solutions appeals to pharmaceutical
companies since it enables the analysis of high doses of drugs that are designed for subcutaneous
administration. However, high protein concentrations lead to high solution viscosity, which can
affect the production, processing, and/or usage of the drug. 82 The rate of diffusion depends on the
size of the particle as well as medium viscosity, and this relationship has extended the application
of DLS to measuring the viscosity of high concentration protein solutions. The DLS-based results
for viscosity are comparable to those obtained through the Cone and Plate method, which is
commonly employed in the biopharmaceutical industry to measure the viscosity of protein
solutions. DLS measures viscosity based on the light scattering signal from spherical polystyrene
beads that are added to a protein solution. These beads are significantly larger than protein
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molecules, and the DLS signals originating from the beads can be easily separated from the signals
originating from proteins by the time of decay. The utilization of automated plate reader systems
has made this method at least five times faster than the Cone and Plate technique. Additionally,
the DLS method requires small sample volumes, a characteristic that makes it especially useful for
measuring viscosity during the early stages of biopharmaceutical development, a phase when there
is often a limited amount of material available for analyses. 79
The aggregation of proteins poses a challenge for the manufacturing of biological products, but
characterization of these aggregates can help control their formation. DLS has proven to be a
reliable technique for monitoring and studying protein aggregation, and it can also provide
information about the hydrodynamic dimensions of particles to ensure product consistency and
help control aggregation. Yu et al. employed DLS to monitor inclusion body (IB) solubilization,
protein refolding, and aggregation during the production of recombinant protein-based vaccine
candidates and investigated how urea and a reducing reagent affected the unfolding process of the
proteins. 83
Moreover, DLS can be used to study the aggregation of proteins under various conditions, an
insight that is crucial for explaining the different behaviors of proteins in the body. For example,
Tomar et al. used DLS to study the decapacitating mechanism of the Con A binding fraction of
human seminal plasma to understand human fertilization better. They monitored the degree to
which Con A proteins aggregate when the pH or concentrations of salt, sugar, and cholesterol
change, hypothesizing that the aggregation of these proteins might be required to prevent
premature capacitation. 84
DLS can also be coupled to other techniques to obtain more comprehensive information about
biological systems. The nondestructive nature of DLS and its fast analysis enable it to connect to
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other sizing techniques or separation instruments. For instance, the coupling of Raman
spectroscopy with DLS can provide enough information to determine if protein size has increased
due to aggregation or unfolding. Raman spectroscopy provides details about the secondary and
tertiary structures of proteins whereas DLS gives information about the size and polydispersity of
the sample. Both techniques apply to solutions with high concentrations of proteins, which enables
the studying of a protein's physical properties and behaviors in the formulation condition, rather
than a diluted sample of the pharmaceutical product. Zhou et al. studied the structure, aggregation,
and heat stability of a high concentration formulation of intravenous immunoglobulin (IVIG) using
Raman and DLS. While Lewis et al. used the combined DLS and Raman approach to characterize
the colloidal and conformational stability of proteins and study the mechanism of lysozyme
aggregation as a function of both pH and concentration. 85-86
DLS has also been coupled with fluorescence to investigate fibril formation in polyglutamine
peptides. Thioflavin T fluorescence demonstrates β-sheet fibril content while DLS measures
particle size distribution. The combination of these two techniques is used to study complex
aggregation kinetics and reveal the multiple stages of amyloid fibril formation.

87

DLS has been

coupled to many additional techniques, such as size exclusion chromatography (SEC), and Taylor
dispersion analysis (TDA).
Although DLS is considered a popular technique for biopharmaceutical research, it suffers from
certain limitations. The main disadvantage is that this technique is highly sensitive to large
particles as the intensity of scattered light is proportional to particle size raised to the sixth power.
This drawback causes DLS to be more susceptible to contaminants such as dust, requiring an
efficient filtration of the solution before measurements. 88
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The other constraint of this technique, which makes it less desirable for polydisperse samples, is
its low resolution. DLS will not accurately characterize a polydisperse sample if the size difference
is less than a factor of three. Finally, the complicated data analysis procedure and the lack of
quantitative results further hinder this technique.

2.2.2 Size exclusion chromatography
Size exclusion chromatography (SEC) is the primary analytical technique that is used to
characterize proteins and their aggregates and determine the size distribution of molecules in
pharmaceutical products

56

. Molecules pass through the stationary phase of a column and are

separated based on size 68. The stationary phase often consists of heterosporous linked gels that
are in equilibrium with a suitable mobile phase

89

. SEC is also called Gel Filtration

Chromatography (GFC) when the mobile phase is aqueous and Gel Permeation Chromatography
(GPC) when the mobile phase is an organic solvent 90. SEC is often used to study large molecules,
such as polymers as well as proteins and their aggregates

91-92

, but it can also be applied to

dendrimers, liposomes, and lipid nanoparticles 93-95.
Various mechanisms describe the elution order of a heterogeneous mixture of molecules, but the
prevalent mechanism underlying SEC is steric exclusion. This mechanism is based on the idea that
beads with pores of a certain size within the gel matrix are available for molecules of different size
(30). Figure 2.3 illustrates how three particles of different sizes are separated according to steric
exclusion theory.
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Figure 2. 3 The steric exclusion mechanism for the separation of three
molecules of different sizes in SEC packed with porous beads. The
larger molecules that are completely excluded from the pores move
through space outside of the gel particles and elute first, whereas
smaller molecules spend more time inside the bead pores and elute
later

The total volume of the column is divided into three parts:
𝑉𝑡 = 𝑉𝑔 + 𝑉𝑖 + 𝑉0
Where

(2-3)

is the volume occupied by the solid matrix of the gel and

is the space between the

beads of the gel matrix, referred to as the inclusion or internal volume and determined using very
small molecules.

is the volume outside of the beads and is determined by using a molecule that

is larger than the exclusion range for the gel.
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𝑉𝑒 = 𝑉0 + 𝐾𝑑 𝑉𝑖

(2-4)

Ve is the volume required to elute intermediate size molecules and the fraction Kd describes the
extent to which molecules can enter the interstices of the gel. In an ideal situation, where the
molecules of interest do not interact with the column, this coefficient would be between one and
zero.
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The Kd of molecules that are larger than the pore size is zero and therefore, the elution

volume is volume of the solvent outside of the pores. Small particles that can permeate into all
pores are eluted with a volume of V0 +Vi .
Ideally, the stationary phase would only minimally interact with the sample, which would retain
biomolecular activity

97

. However, the nonspecific adsorption of proteins to the column matrix

often affects the accuracy by abnormal elution positions and reduces recovery by the loss of
proteins; it also results in an undesirable change in the peak shape and chromatographic resolution
89

. A common approach to reducing these interactions is modifications in the mobile phase.

Arakawa et al. (2010) showed that the presence of salt in the mobile phase suppresses undesirable
electrostatic interactions and an organic solvent reduces hydrophobic interactions 98.
SEC is commonly utilized during the manufacturing and formulation of pharmaceuticals due to its
high speed, reproducibility, and accuracy 99, and is widely used to study protein aggregates and
their behaviors. Printz et al. used SEC to study protein aggregation under several conditions, such
as the stress caused by pH changes, temperature changes, freezing and thawing, light, and shaking.
They showed that each stress factor led to different patterns in the size and degree of unfolding of
aggregates. These types of experiments are valuable for biopharmaceutical companies since they
provide information that can be used to control and minimize protein aggregation and therefore,
increase the stability of the products

52

. Although SEC is mainly applied to so-called soluble

aggregates, it can also be used to confirm the presence of large and insoluble aggregates. Barnard
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et al. used indirect SEC to study the formation of sub-visible particles during freeze-thawing of an
IgG2 monoclonal antibody (mAb) by comparing the loss of area in the treated sample versus the
control sample 100.
Although SEC is a relatively fast and robust high-throughput method, it is still considered a low
resolution technique. To improve the resolution, smaller particles are used in the packing of the
stationary phase in the column. Fekete et al. evaluated how three different particles sizes for
packing influence the ability of SEC to separate protein aggregates. They reported that, on average,
sub-2μm particles had 2–5 times lower plate height values than the 3μm and 5μm particles used
for column packing. The lower plate height values of the sub-2µm particles represent higher
column efficiency. They also demonstrated that, in the practical plate number range, the use of
sub-2μm particles reduces the analysis time 101.
SEC is capable of detecting and characterizing a wide range of small aggregates, but sometimes
even modifications of the stationary phase and the mobile phase cannot provide adequate
resolution. To overcome this limitation, SEC can be combined with other techniques, for instance,
Moneeruddin et al. coupled SEC with native Electrospray ionization mass spectrometry (ESI-MS)
to characterize the commercial protein samples that were forming small aggregates. The ability of
native ESI-MS to resolve different protein assemblies based on their masses helps to overcome the
resolution constraint in SEC, and the separative power of SEC eliminates the need for purifying
and desalinating the sample before analysis, along with reducing concerns about the co-elution of
proteins. Thus, the combination of these two techniques provides a robust and powerful method
for the analysis of biopharmaceutical products 102.
SEC can also be complemented by the addition of a variety of detectors, such as those for UV,
Fluorescence, light scattering, and refractive index (RI) 99. These detectors are used to draw more

34

information from the sample. Printz et al. used SEC to separate monomers from oligomers, a UV
detector for their quantification, and fluorescence to observe structural changes in the proteins.
Hence, combining SEC with the detection of UV and fluorescence helps to distinguish the different
types of particles that form under different stress conditions 52. SEC can also be coupled to DLS
to perform absolute size chromatography (ASEC), which provides rapid and direct measurements
of protein size without the need for costly and laborious column calibration. This method can be
further combined with multi-angle light scattering (MALS) to investigate the mechanisms of
aggregation 103.

2.2.3 Electron microscopy
Electron microscopy (EM) is a powerful technique that provides direct visual information about
the size, shape, and aggregation state of a sample. Thus, it has a wide range of applications in
studies of protein therapeutics

104

. Electron microscopes are analogous to light microscopes in

principle, but the irradiation source differs; the former uses a beam of electrons while the latter
uses a light beam. Electrons have a shorter wavelength than visible light, and for this reason,
electron microscopes can provide significantly higher resolution images

105

. The instrument

consists of an electron gun, an electromagnetic lens, which focuses the electron beam on the
specimen, and a detection system, which is normally a fluorescent screen. The entire apparatus is
contained in a vacuum to prevent any interactions between electrons and air molecules 106. Figure
2.4 shows the setup of a conventional electron microscope.
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Figure 2. 4 Electron emitted from the
electron gun are directed by the anode
to the magnetic lens, which focuses
the electron beam on the sample.
From there, a projector lens projects
the passing beam onto a fluorescent
screen for detection

The Scanning Electron Microscope (SEM) and the Transmission Electron Microscope (TEM) are
two of the most commonly used electron microscopes. TEM was the first developed electron
microscope, and it detects the transmitted electrons that pass through a thin sample slice. On the
other hand, SEM uses an electron probe to scan the surface of an object, and the scattered electrons
are detected to form the image. TEM offers greater magnification and higher resolution, while
SEM provides more information about the three-dimensional structure of a particle 107.
Electron microscopes utilize fluorescent planes for the detection of a specimen. Therefore, the
sample must be labeled with a fluorescent tag before imaging, a process that might affect the
morphology of the particle. For this reason, Valeri et al. evaluated how fluorescent tags affect
fibrils grown from both Alzheimer’s disease-associated peptides and Parkinson’s disease36

associated proteins. Their results showed that, in most cases, the fluorescent tags are compatible
with the proteins of interest 108.
Electron microscopes are often used to study biological samples, such as proteins, cells, and
viruses, in their native state. However, the interaction between high-energy electrons and the
studied molecules may disturb molecular structure, potentially leading to bond breakage, the
formation of free radicals, and loss of secondary structure

109

. Proper sample preparation is

necessary to alleviate these adverse effects. Negative staining is a commonly used method during
of which the particles are coated with a reagent containing heavy atoms. Although this approach
prevents the interaction between electrons and the target organic molecule, it may cause other
problems, such as the loss of the internal structure information and the presence of artifacts in the
final image 110. Cryo-EM is another sample preparation technique that can be used to prevent the
adverse effects of high-energy electrons. In this method, the sample is studied at cryogenic
temperatures, usually achieved with either liquid helium or nitrogen, which maintains the natural
environment of the sample. 111
The rapid cooling in cryo-EM traps the macromolecules in their native state and therefore allows
the elucidation of their natural conformational distribution and spatial arrangement 112.
Cryo-EM has gained a lot of attention and has been widely used in biological studies. Many
researchers have used this technique to obtain information about the size, morphology, and
structure of proteins and their aggregates. The application of electron microscopy to studies of
amyloid aggregates and the mechanism of their formation is leading the frontier for understanding
diseases such as Alzheimer’s disease. For example, Wendler and Saibil found cryo-EM to be a
promising technique for studying the structure of Hsp100 proteins, which are chaperone proteins
that function to reverse the aggregation process, and they have reviewed the application of cryo37

EM to studies of proteins responsible for reversing the aggregation process

113

. Joyce et al. used

TEM to study the aggregation process of IgG under freeze-thaw stress, characterizing the size,
morphology, and distribution of aggregates, as well as the effect of surfactant on aggregate
formation. They also compared the two sample preparation techniques for electron microscopy,
negative staining and frozen-hydrated states 104. Zhao et al. evaluated the shape, size, and structure
of HIV-1 capsid protein using 8 Å resolution cryo-EM, which is the basis for research on capsid
functions and their assemblies 114. Cryo-EM also has applications to studies of drug delivery with
liposomes or lipid nanoparticles

115

. Fox et al. used cryo-EM to explore the interaction between

antigens and an anionic liposome, which forms flattened liposomes consisting of opposing bilayer
disks, and they compared these results with those obtained from light scattering techniques 116.
Electron microscopy techniques are still considered the gold standard in the study of different types
of materials. They cover a large size range, from nanometer scale to millimeter scale, and can
provide high resolution images for the chemical composition of a particle 59, 112. Although electron
microscopy provides an enormous amount of information about specimen shape, atomic structure,
composition, and surface features, as well as powerful magnification, this technique still has
certain disadvantages that need to be considered. The most notable limitation is the price of the
instrument and its maintenance. Furthermore, the microscope requires a large area that is protected
from any vibration and sources of unintended influence for the electrons. The sample preparation
is also time-consuming and laborious, not to mention that most of the techniques associated with
electron microscopy require specialized training 117.
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2.2.4 Taylor dispersion analysis
Taylor Dispersion Analysis (TDA) is a rapid and absolute method for determining diffusion
coefficients, from which the hydrodynamic radius of a molecule is calculated. The method was
first developed by Taylor in 1953 and then modified by Aris in 1956 118-119. Taylor dispersion is
achieved in a long, narrow capillary tube. For this reason, capillary electrophoresis instruments,
which use narrow bore tubes to separate molecules, are particularly suitable for performing TDA.
In capillary electrophoresis (CE), only a few nanoliters of the sample is usually injected, which is
advantageous for the analyses of samples with low availability, for example, therapeutic proteins
or drug delivery systems 120-121. As a result, TDA has recently gained a lot of attention for studying
valuable biological samples. Besides, TDA does not require calibration as it is an absolute method,
which makes it more appealing than other sizing techniques, such as SEC. This technique can be
used to study a wide variety of particles, such as amino acids, peptides, proteins, macromolecules,
polymers, nanoparticles, and liposomes

122-124

. It also applies to non-aqueous solutions, which

makes it suitable for the characterization of hydrophobic compounds

125

. Furthermore, TDA can

measure a wide range of sizes, from an angstrom to a few hundred nanometers 120.
TDA is based on recording the concentration profile of a solute as a function of time at given
positions. This describes the longitudinal dispersion of a small solute plug in a narrow, open tube
under Poiseuille laminar flow as a combination of radial diffusion and axial convection. The
longitudinal dispersion results in peak broadening, which can be quantified by fitting a Gaussian
function to the concentration profile and measuring the temporal variance (σ2). The diffusion
coefficient is estimated using equation 5.
𝑅2 𝑡

𝑐 0
𝐷 = 24𝜎
2

(2-5)

𝑡
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The diffusion coefficient (D) can be accurately determined from measurements in a straight
capillary under two conditions: first, longitudinal diffusion is negligible and second, the analyte is
well mixed across the capillary of radius Rc during the time of flow

126

. Figure 2.5 depicts the

longitudinal dispersion of a sample along the capillary column.

Figure 2. 5 (A) Insert sample. (B) Pressure is
applied which forms parabolic flow. (C) The
combination of axial convection and radial
diffusion leads to longitudinal dispersion

Since this technique is based on measurements of temporal variance of the elution profile, other
factors that influence peak variance may affect the accuracy of results. The use of a two-detection
window system is an appropriate approach to tackle this problem 127.
The diffusion coefficient can then be used to calculate the hydrodynamic size according to the
Einstein-Stokes equation (Eq (2-2)).
The diffusion of drug substances is an essential part of the drug absorption and elimination
processes that occur within the body. Over the past ten years, numerous studies have assessed
whether TDA can be used to characterize drug diffusivity, size, and charge. Ye et al. studied the
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possibility of using TDA to evaluate the diffusion coefficients of three different drugs (Lidocaine,
Ibuprofen, and Bupivacaine) in various pharmaceutical solvents. They showed that drug
diffusivities decrease as solvent viscosity increases 128. Likewise, Hulse et al. evaluated the use of
TDA in measuring the sizes of therapeutic proteins and small molecules

129

. Jensen et al. used

TDA to determine the apparent diffusion coefficient, size, and self-association of insulin over a
broad range of concentrations. They took the study one step further and studied the release kinetics
of insulin in agarose hydrogel, which mimics the subcutaneous tissue environment. They observed
that the diffusivity and transport of insulin changes with pH and/or concentration changes 130.
TDA is also used to characterize the size and charge of drug delivery systems that carry small
drugs or therapeutic proteins. These systems maintain a constant drug dose over a long period of
time and achieve a controlled release of both hydrophilic and hydrophobic compounds once they
reach the target 131. Ibrahim et al. used TDA and CE to characterize the size and charge of nanogel based drug delivery systems containing the hydrophobic groups of vitamin E 127. Oukacine et
al. used TDA to measure the hydrodynamic radii of drug-loaded polymeric micelles 132.
TDA has also been involved in the study of protein aggregates, which is critical for the batch-tobatch monitoring of pharmaceutical products

121

. Besides, the immunogenicity assessment of a

therapeutic product, for example, evaluates whether aggregates are present at various points of the
drug formulation. Lavoisier et al. reported that TDA could be used to monitor the presence of
aggregates in a series of antibodies; they showed that this technique is capable of identifying
different types of antibodies and aggregates, with applications for evaluations of the consistency
of final products

133

. In another study, Hulse and Forbes heat stressed BSA proteins to induce

aggregation and then measured the size change using TDA. They showed that this technique is
capable of detecting both monomers and aggregates 121. In further experiments, they monitored the
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aggregation process over time and compared the results with DLS

129

. The applicability of this

method to both small particles and large molecules makes it a good candidate for evaluating the
progress of aggregation when both monomers and oligomers are present in a solution. It can also
provide quantitative information about the conversion rate of proteins to aggregates under different
conditions. In this way, it is a promising method for monitoring a mixture of proteins and their
aggregates. To draw even more information from a mixture, TDA can employ different algorithms
to estimate the polydispersity of a solution. The taylogram obtained for polydisperse samples is a
convolution of individual Gaussian peaks, each representing a given diffusion coefficient. The
cumulants analysis can then be used to extract information about each component, and this method
is analogous to the one used in DLS. Cipelletti et al. applied this method to analyze moderately
polydisperse polymer samples and the bimodal mixtures of these samples

120

. They also

investigated the use of another data processing method, Constrained Regularized Linear Inversion,
to evaluate the polydispersity of the samples 134.

2.3 Conclusion
This review describes four sizing techniques that can be used to study proteins and their aggregates.
The underlying principles, applications, and disadvantages of each method have been presented
clearly and concisely. Additionally, a schematic illustration of each technique has been provided
to further demonstrate how the method works. It has also been highlighted that the combination of
these technique expands their size range, as well as the amount of extracted information. The
summary table gives a general overview of the presented methods and is a tool that can help
researchers choose the technique that is most applicable to their studies.
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The pharmaceutical industry is shifting towards protein-based therapeutics to battle an array of
human diseases. However, the quality of these biopharmaceuticals can be affected by aggregates,
which could compromise product safety. In an environment where regulatory agencies require
comprehensive information about the safety and efficacy of new pharmaceuticals, sizing
techniques are vital in the evaluation and characterization of the protein aggregates in a sample.
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Chapter 3: Numerical modeling of Taylor dispersion
analysis
3.1. Introduction

Taylor dispersion analysis (TDA) is a novel technique used to determine the diffusion coefficient
and size of a variety of particles, such as therapeutic proteins and antibodies, nanoparticles,
polymers, and small molecules.133, 135-137 TDA is becoming more popular due to its simplicity,
accuracy, and ability to determine a wide range of molecule sizes without a need for calibration.
TDA gives results that are consistent with the more well-established methods like Dynamic Light
Scattering (DLS) and Size Exclusion Chromatography (SEC), and offers some advantages over
these techniques in terms of sensitivity and simplicity.

138-139

Although, TDA has emerged as a

sizing technique during the last few decades, it is still considered a new technique, and more indepth studies are required to obtain accurate and precise results.
TDA is based on Taylor’s work which was extended by Aris. Taylor described the dispersion of a
solute plug in an open tube under Poiseuille laminar flow. When a parabolic velocity profile is
combined with molecular diffusion, particles redistribute in the cross-section of the capillary,
which leads to dispersion. 118-119 Under some specific conditions, molecular diffusion, D, is related
to the temporal variance of the electropherogram for an analyte, 𝜎𝑡2 , the average elution time 𝑡0
and the capillary radius, 𝑅𝑐 , of the tube by the following equation. 140
𝑅2 𝑡

𝑐
𝐷 = 24𝜎
2

(3-1)
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The diffusion coefficient can be converted into the size of particle using the Stokes-Einstein
𝐾𝑇

𝑅ℎ = 6𝜋𝜂𝐷

equation.

(3-2)

Where 𝑅ℎ is hydrodynamic diameter, K is Boltzmann’s constant, T is temperature, η is viscosity
and D is the diffusion coefficient. 32
TDA is performed in a narrow column tube, and pressure is used as the driving force for the
analysis; therefore, capillary electrophoresis (CE) instruments are often used for performing TDA
experiments. The elution time and temporal variances of analytes in capillary columns depend on
three factors: (i) the applied pressure, (ii) the capillary length, and (iii) the capillary radius. These
parameters must be optimized so that the validity of Eq (3-1) is satisfied. Taylor discussed two
conditions which need to be fulfilled to perform TDA experiments.
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The first condition is that

the elution time must be much longer than the characteristic time for diffusion of the analyte across
the capillary radius.
3𝑅 2

𝑐
𝑡0 ≥ 80𝐷𝜀

(3-3)

Eq (3-3) is used to confirm the validity of the first condition, where 𝑅𝑐 is the capillary radius, D is
diffusion coefficient, and 𝜀 is the relative error on the determination of D that can be tolerated.
The second condition states that longitudinal dispersion must be negligible compared to radial
dispersion. To meet this condition, the Peclet number (Pe), which is the ratio of the contributions
to mass transport by convection to those by diffusion, must be bigger than a certain value which
depends on the desired error percentage of the diffusion coefficient.

𝑃𝑒 =

𝑢𝑅𝑐
𝐷
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≥√𝜀

(3-4)
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Taylor’s two conditions also need to be optimized to minimize the error percentage in the
calculation of the diffusion coefficient.
Cottet et al. made a substantial contribution in the field of Taylor dispersion analysis by
investigating the optimum conditions for performing TDA, and developing methods to analyze
mixtures. They used the cumulant method, which is widely used to derive size distribution
information for polydisperse samples,141 to quantify size polydispersity for solutions of
polydisperse polymers and polymer mixtures under optimized conditions. 34 Most of the research
to date on TDA is carried out by experiments which can be time-consuming and laborious.
Fortunately, because the physics of Taylor dispersion is well known, numerical modeling is a
reliable complement to experimentation. Simulating Taylor dispersion using numerical methods
facilitates the study of different parameters on the performance of TDA and saves time and
resources. To the best of our knowledge, no comprehensive modeling has been developed for
TDA. In this chapter, we use COMSOL Multiphysics to further study Taylor dispersion in narrow
tubes leading to better and faster optimization of the experimental conditions. This study explores
the effect of pressure, electric field, diameter and length of column on the TDA conditions and
accurately-obtained sizes.
In this work, numerical modeling is used to optimize the operating conditions such as mobilizing
pressure, capillary length and capillary radius for molecules having hydrodynamic diameters of
0.5-5 nm. In all cases, the validity of TDA conditions are verified and the optimum condition for
performing TDA are discussed. Also, the effect of electric field on the validity and the applicability
of TDA for a mixture of molecules with different sizes is studied. We concluded that parameters
must be chosen in such a way that Taylor’s two TDA conditions are met. For mixtures, using an
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electric field is advantageous, because it not only leads to the separation of molecules, but also it
gives information about the charge of the molecules.

3.2. Theoretical simulation
The migration of analytes in a two-dimensional capillary tube is calculated using finite-elementscheme simulation software, COMSOL Multiphysics 4.4a (COMSOL Inc., Los Angeles, CA). The
modeling procedure with this program includes creating a virtual model with 2D geometry,
defining parameters, meshing, solving differential equations, post-processing data. In this study,
the molecules are mobilized by the simulated electric field and hydrodynamic flow field. Both
electric and fluid fields are calculated in a steady state before solving the mass balance equation,
through which the concentration distribution for analytes is calculated in a time-dependent manner.
The variance of peaks is calculated by fitting a Gaussian curve to the resulting data. Diffusion
coefficients are calculated using Eq (3-1), and the error percentage is calculated by comparing the
obtained diffusion coefficient with the input value. The simulations are conducted on a 2, 4, and
8-centimeter length tube with a radius of 25, 50, and 100 µm. In the first section of this paper,
TDA with only pressure is investigated and the results are plotted and tabulated. In the second
section, voltage is applied along with pressure and the results are compared with classical TDA.
In all cases the validity of TDA is confirmed by calculating Peclet number and the characteristic
time. To make sure that only diffusion is contributing to band broadening, the injection volume is
less than 1% of the column volume.
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3.3. Results and discussion
The Taylor dispersion behavior of three particles with different diffusion coefficients in a twodimensional column is calculated using finite-element-scheme simulation software, COMSOL
Multiphysics (COMSOL Inc., Los Angeles, CA). The fluid velocity field of a solution is described
by the simplified Navier-Stokes equation −∇𝑝 + 𝜂∇2 𝑣⃗ = 0, where p is the pressure, η is the
viscosity coefficient, and 𝑣⃗ is the fluid velocity vector of any point in the fluid field.
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The

conservation of mass principle gives the relationship of ∇. 𝑣⃗ = 0, which is used in conjunction with
the Navier-Stokes equation to solve for the pressure and velocity. The concentration of analytes is
𝜕𝐶

determined by numerically solving the mass balance equation ( 𝜕𝑡 ) + 𝑣⃗. ∇𝐶 + ∇. (−𝐷∇𝐶) = 0,
where C is the analyte concentration at a specific location on the column, D is the diffusion
coefficient, 𝑣⃗ is obtained from the previous calculation for fluid field.
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Thus, the analyte

concentration and its variation with time at any location is calculated to determine the analyte
dispersion along the column.
The purpose of using numerical studies is to investigate the effect of different parameters on the
Taylor dispersion of particles such as fluid velocity, capillary diameter and capillary length. Also,
the effect of applying voltage on Taylor dispersion is studied here. The parameters should be
chosen in such a way that the conditions for the validity of TDA are met.

3.3.1. Dispersion of particles in the presence of Poiseuille flow
TDA uses pressure (Poiseuille flow) to mobilize analytes in a capillary column. In TDA, the
particles need to spend enough time in the tube so they redistribute uniformly in the radial
direction, but not so long that axial diffusion becomes significant. These criteria are affirmed in
the first and second conditions of TDA. To calculate a diffusion coefficient, the elution time and
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temporal variance of analytes in the capillary tubes are calculated which depend on three main
parameters: (i) applied pressure, (ii) the capillary length, and (iii) the capillary radius. In this
section, these variables are investigated. 34
3.3.1.1. Effect of linear velocity (pressure)
When conducting a TDA experiment, the pressure is adjusted to maintain a constant linear velocity
for the bulk flow in the capillary column. Since linear velocity appears in the TDA second
condition (Eq (3-4)), we use linear velocity instead of pressure to investigate the effect of the
mobilizing pressure on TDA performance. According to Poiseuille’s law, Eq (3-5), in a laminar
flow the pressure and linear velocity are interchangeable when the viscosity of solution and the
radius of the column are constant. 144
𝑣=

𝑃𝑅𝑐2
8𝜂𝐿

(3-5)

In Eq (3-5), 𝑣 is linear velocity, P is pressure, Rc is capillary radius, 𝜂 viscosity, and L is the length
of the column.
To explore the effect of pressure (or linear velocity) on TDA performance, and on TDA conditions,
we used different velocities for this study. Figure 3.1 shows the taylograms for two particles with
small and large diffusion coefficients at different linear velocities. For particles with a smaller
diffusion coefficient (Figure 3.1A), the taylogram at lower velocity follows a normal distribution
as opposed to the higher velocity where more deviation from a normal distribution is observed.
This deviation from normal distribution is also evident in Figure 3.2 where for smaller diffusion
coefficients, R2 deviates from 1 as the linear velocity increases. This anomaly in the peak shape
affects the accuracy of the diffusion coefficient obtained from Eq (3-1), which leads to a higher
error percentage (Figure 3.2).
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To explain this divergence, we need to assess the validity of the two TDA conditions at different
velocities. Table 3.1 shows the minimum values of Peclet number for fulfilling the TDA second
condition and Table 3.2 shows the minimum values of elution time for fulfilling the TDA first
condition. As shown in Table 3.2, for a particle with a diffusion coefficient of 5.0E-11 m2/s to
fulfill the TDA first condition, it must spend at least 62.5 seconds in the column. As shown in
Table 3.1, at higher velocities, the elution time is shorter than the minimum time; thus, the particles
do not have enough time to distribute uniformly in the radial direction. Therefore, the taylogram
does not follow a Gaussian function (normal distribution) which leads to a higher error percentage
in the evaluation of the diffusion coefficient. On the other hand, to fulfill the TDA second
condition, higher velocity is desirable since it gives a higher Peclet number which means less time
is available for the axial diffusion of particles in the column. According to Figure (3-1) and Figure
(3-2), higher velocity has more of an adverse effect on the first condition than having a favorable

Concentration

Concentration
(

effect on the second condition.

Figure 3. 1 Simulated migration of particles with diffusion coefficient of (A) 5.0× 10−11 𝑚2 /s (B)
5.0× 10−10 𝑚2 /s at different linear velocities in a column with diameter of 50μm and length of 4 cm.
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Figure 3. 2 %Error and 𝑅 2 for particles of different diffusion coefficient at different velocities
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Table 3. 1 Elution time and minimum Peclet number for different linear velocities

D (m2/s)

5.0E-11

1.0E-10

5.0E-10

v (m/s)

t

Pe

t

Pe

t

Pe

3.50E-4

120

350

120

175

120

35

7.00E-4

60

700

60

350

60

70

1.40E-3

30

1400

30

700

30

140

2.80E-3

15

2800

15

1400

15

280

5.60E-3

7.5

5600

7.5

2800

7.5

560

1.12E-2

3.7

11200

3.7

5600

3.7

1120

Table 3. 2 The minimum elution time to fulfill the first TDA condition

D (m2/s)

t0 (sec)

5.0E-11

62.5

1.0E-10

31.3

5.0E-10

6.3

For a particle with a diffusion coefficient of 5.0E-10 m2/s, the minimum time to fulfill the first
TDA condition is 6.3 seconds. As a result, in addition to the second TDA condition to be valid,
the first TDA condition is also valid at higher velocities. Therefore, as shown in Figure 3.2, R2
becomes closer to 1 as the linear velocity increases.
To summarize, particles with larger diffusion coefficients conform to the TDA conditions and give
more accurate results at higher velocities. On the other hand, particles with smaller diffusion
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coefficients fulfill the TDA conditions and give more accurate results at smaller velocities.
Therefore, to satisfy TDA conditions for a mixture of particles with different diffusion coefficients,
an optimum linear velocity is chosen. A velocity of 1.4× 10−3 m/s is a good compromise between
the accuracy and goodness of Gaussian fit. Figure 3.3 shows the taylogram of all three particles at
the optimized velocity.

Figure 3. 3 Taylor dispersion of particles with different diffusion coefficient at a linear velocity of
1.4× 10−3 𝑚/𝑠

3.3.1.2. Effect of capillary diameter
Capillary columns are available in different diameters. The inner diameter is typically 25-100 µm
and the outer diameter is 200-375 µm. The capillary tubes are coated with a layer of polyimide to
enhance their mechanical strength. This section evaluates the effect of column inner diameter on
the dispersion of particles and on the validity of the TDA conditions. The diameter of the column
affects the minimum time the particles need to spend in the column to meet the first TDA condition.
The larger the diameter, the more time it takes for the particles to redistribute across the column;
therefore, the minimum time for fulfilling the first TDA condition increases. The minimum time
53

also increases when the diffusion coefficient decreases, since the rate of diffusion across the
column is slower and so more time is needed for the particles to be redistributed. Three columns
with the diameter of 25 µm, 50 µm, 100 µm are used here. Table 3.3 shows the minimum time for
particles of different diffusion coefficients at different diameters. For larger particles (smaller
diffusion coefficients) in larger diameter capillaries the minimum time is 250 seconds, whereas for
small particles (larger diffusion coefficients) in smaller diameter capillaries, the minimum time is
1.6 seconds.
According to Eq (3-5), by increasing the capillary diameter, the applied pressure must decrease to
maintain a constant linear velocity.
Figure 3.4 is divided into six parts and shows Taylor dispersion of particles with different diffusion
coefficients by varying the diameter of the capillary column. We used two opposite extreme linear
velocities to explore the two conditions of TDA as well. On the left, A1, B1, C1 show the low
velocity extreme and on the right, A2, B2, C2 show the high velocity extreme.
In general, when a higher velocity is used, taylograms deviate from the normal distribution. This
deviation becomes even more significant when the column’s radius increases. Taylor first
condition can explain these anomalies. According to Taylor first condition for performing TDA,
the elution time must be larger than the characterization diffusion time of the solute in the capillary
cross-section. In Table 3.3, this characterization diffusion time is reported for each particle at each
capillary diameter.
When TDA is performed in a diameter of 100µm (C1&C2), the minimum time for the particles to
meet the first TDA condition is 25 s, which is longer than the minimum times in smaller diameters
(25µm and 50 µm). In capillaries with larger diameter, the minimum time increases because the
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particles need to travel longer distances from the wall to the center and vice versa. The increase in
minimum time is more significant for particles with smaller diffusion coefficients because of their
smaller rate of diffusivity. When a high velocity like 11× 10−3 m/s is used, the time that particles
spend in the column is shorter than the minimum time needed for the particles to redistribute in
the column with diameter of 100 µm. Therefore, particles do not have enough time to redistribute
radially and form a normal distribution taylogram. In short, the larger the capillary diameter, and
the smaller the diffusion coefficient are, the longer the particles must spend in the column to fulfill
the first TDA condition. Therefore, to meet the first TDA condition, a smaller linear velocity is
preferred when using capillary columns with larger diameters. Besides the first condition of TDA,
Taylor’s second condition must be fulfilled as well for Eq (3-1) to be valid. The linear velocity
should be fast enough so that the axial diffusion can be neglected compared to the Taylor
dispersion term. Thus, a higher velocity is favorable to meet the second TDA condition. Yet again,
linear velocity or applied pressure must be optimized to meet both conditions.
When TDA is performed in a diameter of 25µm (A1&A2), the minimum time to meet the first
TDA condition is 2s for a particle with a smaller diffusion coefficient, and 16s for a particle with
a larger diffusion coefficient. At higher velocities in this small diameter column the particles have
enough time to diffuse radially. For larger particles, the migration time is smaller than the
minimum time, but the time is still close. Therefore, the deviation from the normal distribution is
not significant. In summary, as the diameter of the capillary decreases less time is needed for TDA
to be valid. Therefore, higher velocities can be used for small diameter capillaries to meet the first
TDA condition. Using higher velocities is also advantageous for fulfilling the second TDA
condition requirement since there would not be enough time for the axial diffusion of particles.
Whereas, at lower velocities, the axial diffusion becomes significant which contradicts Taylor’s
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second condition. Comparing A1 & A2, at a higher velocity the peak widths are distinctive, while
for a smaller velocity they are close to each other. At lower velocity (A1), the particles are spending
too much time in the column; thus, the axial diffusion is more significant which is also contributing
to the peak width of the taylogram. In this case, more axial diffusion is observed for smaller
particles which adds to the peak width and leads to a broader peak.
For capillaries with a diameter of 50µm, higher velocity leads to violating the first TDA condition,
which is more significant for particles with smaller diffusion coefficients, leading to taylograms
that do not follow a normal distribution. At smaller velocities, the second TDA condition might be
disturbed and the axial diffusion would become more significant, especially for particles with
bigger diffusion coefficients. Therefore, a medium linear velocity is chosen to meet both TDA
conditions.
As the diameter increases, Pe also increases; therefore, the second TDA condition is met even at
smaller velocities. Table 3.3 shows the value of the Peclet number for each particle at different
diameters. The Peclet number for a 25 µm diameter capillary is small; therefore, to meet the second
TDA condition, the linear velocity must be higher than 1.4× 10−3m/s to compensate for the small
radius of the capillary. By combining minimum time and Peclet number to meet TDA conditions,
it is concluded that for smaller diameters, higher linear velocity is needed to increase Pe to meet
the second TDA condition which will be in accordance with the first TDA condition. For larger
diameters to meet TDA first condition, lower linear velocity is needed to increase the migration
time. Since Pe is larger at large diameters, performing TDA at lower velocities does not contradict
the second TDA condition. Therefore, it is expected that more accurate results will be obtained at
lower velocities.
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Figure 3. 4 Peak broadening of particles with different diffusion coefficients (Green: D= 5.0× 10−10 𝑚2 /𝑠,
Red: D= 1.0× 10−10 𝑚2 /𝑠, Blue: D= 5.0× 10−11 𝑚2 /𝑠) at different diameters (A) 25 μm, (B) 50 μm, (C)
100 μm
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Table 3. 3 Minimum time and Peclet number for different capillary diameter at a linear velocity of
1.4× 10−3 m/s

D (m/s2)

5.0E-11

1.0E-10

5.0E-10

Rc(µm)

tmin

Pe

tmin

Pe

tmin

Pe

25

15.6

350

7.8

175

1.6

35

50

62.5

700

31.3

350

6.3

70

100

250

1400

125

700

25

140

Table 3. 4 Minimum time and Peclet number for different capillary diameters at a linear velocity of
11.2× 10−3 m/s

D (m/s2)

5.0E-11

1.0E-10

5.0E-10

Rc(µm)

tmin

Pe

tmin

Pe

tmin

Pe

25

16

5600

8

2800

2

560

50

63

11200

31

5600

6

1120

100

250

22400

125

11200

25

2240

Table 3. 5 Minimum time and Peclet number for different capillary diameters at a linear velocity of
3.5× 10−4 m/s

D (m/s2)

5.0E-11

1.0E-10

5.0E-10

Rc(µm)

tmin

Pe

tmin

Pe

tmin

Pe

25

16

175

8

88

2

18

50

63

350

31

175

6

35

100

250

700

125

350

25

70
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Figure 3.5 shows the %Error for the estimation of diffusion coefficient using taylogram and 𝐑𝟐
for goodness of fit of taylogram at different diameters at a velocity of 1.4× 10−3 m/s. Comparing
the combination of %Error and R2 for the three diameters, it is concluded that a capillary diameter
of 50 µm has the best combination of %Error and 𝐑𝟐 . For larger diameters, smaller velocities give
better result and for smaller diameters, larger velocities are better. Use of all diameters is possible
for TDA when velocity is optimized for that specific diameter. However, experimentally, using
larger diameters with slower bulk motion is time consuming, and using smaller diameters is always
accompanied by column clogging.

Figure 3. 5 %Error and 𝑅 2 for particles of different diffusion coefficient at different capillary diameters
(25 μm, 50μm, 100μm) at linear velocity of 1.4× 10−3 m/s
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3.3.1.3. Effect of capillary length
In this section, we used capillary columns with different lengths to study TDA performance and
conditions. Capillary length does not directly affect the Peclet number or the minimum time
required for particles spend in the column. It does affect the time that the particles spend in the
column. For all capillary lengths, the Peclet number decreases as the diffusion coefficient
increases. As the Peclet number decreases, the second condition of TDA may be violated, because
axial diffusion becomes more significant. As the capillary length increases, to maintain a constant
migration time, we need to increase the linear velocity which leads to higher Peclet numbers and
favors TDA conditions. At shorter lengths, the velocity must be small to give diffusion enough
time to fill the column radially, which is more crucial for particles with smaller diffusion
coefficients. However, the decrease in velocity leads to smaller Peclet numbers which is in contrast
with the second TDA condition. In general, higher velocities give better results when using longer
columns and vice versa when using shorter columns.
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Figure 3. 6 Taylogram of different diffusion coefficient at different capillary lengths (A) 2cm, (B) 4cm,
(C) 8cm, at a linear velocity of 1.4× 10−3 m/s

Figure 3.7 shows %Error for the estimation of diffusion coefficients and the R2 for the taylograms
fitted to Gaussian functions. All these simulations were conducted at a linear velocity of 1.4× 10−3
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m/s.

Figure 3. 7 %Error and 𝑅 2 for particles of different diffusion coefficient at different capillary lengths (2cm,
4cm, 8cm) at a linear velocity of 1.4× 10−3

According to Table 3.4, for capillary columns with a diameter of 50 μm the minimum time for the
particles to spend time in the column increases as the diffusion coefficient decreases. Therefore,
shorter columns are not suitable for particles with larger diffusion coefficients which is also
confirmed in Figure 3.6A. The taylogram for the blue peak deviates from a normal distribution as
the column length decreases because the particles do not get enough time to fill the column radially
which leads to a smaller R2 and higher %Error (Figure 3.7).
According to Figure 3.6, as the column length increases, the negative peak becomes more
significant. As explained in section 3.3.2.1, this might be due to the effect of axial diffusion
happening at the same time and moving the particles in the axial direction very quickly. Since in
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longer columns the particles spend more time in the column, so there is more time for the particles
to diffuse axially during dispersion.

3.3.2. Dispersion of particles in the presence of electrophoretic flow
TDA offers some advantages in terms of its accuracy, precision, and simplicity. However, in
classical TDA, for mixtures all of the particles elute at the same time and as a result, the data
analysis for each particle becomes more complicated and inexplicit. Cottet et al. established the
equations used to calculate the average diffusion coefficient for highly polydisperse samples.
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Separating the particles in the mixture is an alternative way to study Taylor dispersion of particles.
Unlike Poiseuille flow, electrophoresis is a discriminative force that separates particles based on
their charge-to-size ratio. In this section, TDA in the presence of electrophoretic flow is studied
numerically. TDA evaluates the diffusion coefficients of the particles and therefore their
hydrodynamic size. Besides separation, electrophoretic flow gives the charge-to-size ratio of the
particles. By calculating particle size from TDA, the average charge of the particles can also be
determined.

3.3.2.1. Validity of TDA in the presence of electrophoretic mobility
TDA is conventionally performed under Poiseuille flow, and TDA conditions are investigated
accordingly. In classical TDA, two conditions must be fulfilled to be able to estimate the diffusion
coefficient of particles using the elution time and the peak variance. These conditions must be
revisited when electrophoretic mobility is added to the system.
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For our system, we assume that the capillary wall is neutral, and therefore electroosmotic flow
does not exist. Thus, when applying voltage and pressure simultaneously the net flow motion only
stems from the electrophoretic and Poiseuille flow. In TDA parabolic profile of the flow in the
column is a significant factor in the Taylor dispersion of particles. Hence the parabolic flow should
not be disturbed while voltage is applied to the system. Applying both pressure and voltage,
molecules in the solute move faster due to the presence of electrophoretic mobility of particles,
and so a constant forward shift for the flow along the tube is expected. The combination of voltage
and pressure results in higher velocities which decrease the amount of time molecules spend in the
column. To meet the first TDA condition, the migration time must be long enough so that the
molecules spread out radially; therefore, the linear velocity should be smaller than conventional
TDA. By adding electrophoretic flow, the second TDA condition is not disturbed because when
the net velocity increases, the Peclet number increases, which fulfills the second TDA condition
of the negligibility of longitudinal diffusion.
3.3.2.2. Size and charge characterization of mixture
In this section, dispersion is studied under Poiseuille and electrophoretic flow. An electric field is
applied with pressure to separate the particles with different charge-to-size ratios. Also,
information on the charge-to-size ratio of molecules is achieved. Having collected size information
from TDA, the electrophoretic mobility gives the average charge of the particles. Figure 3.8 shows
the electropherogram of 3 particles with different diffusion coefficients when pressure and voltage
are applied to the system. As opposed to Figure 3.3, particles are being eluted at different times,
and are being separated.
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Concentration
Figure 3. 8 Concentration profile for particles with different size and charge at 3.5× 10−4 m/s and 400
volts.

Different combinations of linear velocities and voltages are used and %Error on the estimation of
diffusion coefficient is presented in Figure 3.9.
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Figure 3. 9 %Error for particles with different diffusion coefficients (A) 5.0× 10−11 𝑚2 /s (B)
1.0× 10−11 𝑚2 /s (C) 5.0× 10−10 𝑚2 /s with various combination of velocity and voltage

It is apparent that as the diffusion coefficient increases (smaller size), the %Error increases with
the same combination of voltage and velocity. This can be explained in terms of both TDA
conditions. Molecules with larger diffusion coefficients have smaller hydrodynamic size and
therefore higher electrophoretic mobility. So, molecules might migrate faster in the column and
violate the first TDA condition. Also, a higher diffusion coefficient means a smaller Peclet number,
which contradicts the second TDA condition.
For each particle, as we increase the voltage and linear velocity, the error increases. Larger voltage
means higher electrophoretic velocity and therefore more deviation from classical TDA. %Error
increases because we are using the equation derived for classical TDA, even though the particles
are not under the same classical TDA conditions. In Chapter 5, the equation for estimation of
diffusion coefficients in the presence of electrophoretic flow is modified to include the
electrophoretic mobility. Including electrophoretic mobility in the equation lowers the error on the
estimation of diffusion coefficients.
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Since the voltage increases the net velocity, the linear velocity from pressure must be decreased
to give the particles enough time to redistribute radially. By increasing the linear velocity the time
particles spend in the column is decreased which violates the first TDA condition, increasing the
%Error.

Table 3. 6 Charge of particles calculated with the electrophoretic mobility obtained from COMSOL
(u=1.4× 10−3 m/s)
D (m2/s)

Input charge Calc-charge-400

Calc- charge’-400 Calc-charge-50

Calc- charge’-50

5.00E-10

1

1.03

0.74

0.89

0.79

1.00E-10

2

2.27

1.15

3.31

1.87

5.00E-11

6

6.82

2.79

10.05

4.83

Table 3.5 shows the charge calculated for 3 particles of different sizes when the linear velocity of
1.4× 10−3 m/s and two extreme voltages of 400 and 50 volts are used. These charges are derived
from the electrophoretic term (Eq (3-6)) with the first column using the input diffusion coefficient
and second column using the calculated diffusion coefficient. As the diffusion coefficient
decreases the calculated charge deviates more from the input charge. This could be due to smaller
electrophoretic velocity of these particles and therefore higher relative error in calculating the
value of electrophoretic velocity from the electropherogram. For the same reason, by decreasing
voltage, the error in charge evaluation is increased which is again due to the decrease in
electrophoretic velocity.
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The charge calculated using the calculated diffusion coefficient deviates more from the input
charge. This happens because the error in the calculation of diffusion coefficient is also included
in the calculation of charge as well.
𝜇𝑒𝑝 =

𝑣𝑒𝑝
𝐸

𝑄

= 6𝜋𝜂𝑅

ℎ

(3-6)

In summary, using higher voltage is advantageous in estimating electrophoretic mobility; however,
it results in more deviation from classical TDA. By including the electrophoretic term in the
estimation of the diffusion coefficient of particles, the diffusion coefficient is estimated correctly.
Higher voltage results in higher resolution and higher accuracy in the estimation of average charge.

3.4 Conclusion
In this chapter, the numerical modeling of TDA is used to study the effect of pressure, capillary
length and diameter on the evaluation of diffusion coefficient of components of a mixture. The
effect of applying voltage on the system is also studied. To estimate the diffusion coefficient of
components of a mixture with different sizes accurately, the system parameters need to be
optimized. The medium linear velocity and medium capillary radius is used to meet the TDA
conditions for large and small particles. Different lengths of capillary column can be used as long
as TDA conditions are met. A higher voltage gives larger error because of more deviation from
classical TDA. When using voltage and pressure for TDA, the equations must be modified
accordingly. This work demonstrates the performance of TDA on a small scale which is
advantageous when working with microchips. The applicability of using microchips for TDA
offers a rapid and easy way for the characterization of particle size and other parameters.
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Chapter 4: Size evaluation of proteins and small molecules
using dynamic light scattering, Taylor dispersion analysis,
stopped migration CE
4.1. Introduction
The size of protein is an important part of characterizing any protein molecule. Having the
knowledge about the size of a protein provides useful information on the presence of monomer,
dimer and trimer, as well as the aggregation state, denaturation, and change in conformation.
Different methods are currently used to determine protein sizes such as DLS which is a most
commonly used technique and a gold standard method. Capillary electrophoresis which is a
powerful separation technique has also been used for sizing purposes using different approaches
such as stopped migration method and Taylor Dispersion approach. 146

4.1.1 Dynamic light Scattering
Dynamic light scattering (DLS) is a well stablished method which is often used for particle sizing.
DLS is an ideal technique to for characterizing proteins in a variety of conditions and it can be
used in early stage of research to provide information about the monodispersity of the sample,
aggregation state, stability changes in quaternary structure. 147
In this method particles undergo a Brownian motion and the average velocity of particles depends
on particle size, their thermal energy, and the viscosity of the medium. In DLS, a laser beam is
directed into a solution, when it strikes a particle, the light is scattered in all directions. The
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scattered light is function of hydrodynamic size of the particles and larger particles scatter more
light than smaller molecules at the same concentration. In this method particles undergo a
Brownian motion in which the average velocity depends on particle size, their thermal energy, and
the viscosity of the medium. Due to Brownian motion, the scattered light fluctuates which is
directly related to the rate of diffusion of the molecules in the solution. The correlator measures
the decay rate of the scattered light and the measured decay rate is related to the diffusion rate of
the particles. The Einstein Stokes equation which was formulated at the beginning of the twenties
century is used to correlate the diffusion rate of the particles to the medium and particle
hydrodynamic size. 148

4.1.2 Taylor dispersion analysis
Taylor Dispersion Analysis (TDA) is a recently developed technique that is used for sizing of a
variety of small and large molecules such as amino acids, peptides and proteins. In this method, a
nanoliter volume of sample is injected into the column containing the buffer under a constant
pressure. The sample pulse broadens as it flows along the column due to dispersion which is
combination of radial diffusion and axial convection. As the sample plug passes the detection
window, the absorbance is plotted as a function of time to produce the taylogram. The width of
the taylogram is related to the molecular diffusion coefficient of the solute in the sample. Analysis
of this taylogram gives the molecular diffusion coefficient and hence hydrodynamic radius of the
molecules. 34, 119 Hydrodynamic radius is then determined using Einstein-Stokes equation. 148 UV
absorbance is used to detect target molecules at fixed window positions along the microcapillary.
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Eq (4-1) is used for estimation of diffusion coefficient using the characteristics of the peak,
where R c is the radius of the column, t 0 is the migration time, and σ2t is the variance of the peak.
Eq (4-2) is Stokes-Einstein equation that is used for calculation of hydrodynamic radius of
particle.

𝐷=
𝑅ℎ =

𝑅𝑐2 𝑡0
24𝜎𝑡2
𝑘𝐵 𝑇
6𝜋𝜂𝐷

(4-1)
(4-2)

4.1.3 Stopped migration capillary electrophoresis

Stopped migration is a different approach to estimate the diffusion coefficient of molecules using
capillary electrophoresis. Eq (4-3)149 shows in CE, the variance of the peaks is result of various
source of dispersion.
2
2
2
2
2
2
𝜎𝑡otal
= 𝜎𝑖𝑛𝑗
+ 𝜎𝑑𝑒𝑡
+ 𝜎𝐷2 + 𝜎∆𝜅
+ 𝜎∆𝑇
+ 𝜎𝑜𝑡ℎ𝑒𝑟

(4-3)

2
where 𝜎𝑡𝑜𝑡𝑎𝑙
is the total variance of the peak and σ2inj , σ2det , σ2D , σ2∆κ , σ2∆T , σ2other refers to the

variances due to injection plug width, detector zone width, sample diffusion, conductivity effects,
Joule heating, and other effects such as analyte-wall interactions, respectively.
Capillary electrophoresis with stopped migration is a method used to measure the diffusion
coefficient of molecules. In this method, the electrophoresis run is parted into two sections: first,
an electric filed is applied and molecules migrate under electrophoretic and electroosmotic flow.
Then, the electric filed is stopped for 2 hours before the molecules reach the detection window.
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During this time, diffusion is the only phenomenon occurring. The electric restarted after 2 hours
and the molecules migrate toward the detection window. The variance of the eluted peak is
measure and compared to when the samples is run under normal condition. Since all variances
except diffusion are constant between the runs, the difference in the variance of peaks estimates
the diffusion coefficient of the molecule.
2
𝜎𝐷2 = 𝜎𝑡+2ℎ𝑟
− 𝜎𝑡2

(4-4)

2
Where 𝜎𝐷2 is the increase in the variance due to diffusion, 𝜎𝑡+2ℎ𝑟
is the variance observed with a stopping

time of 2 hours, and 𝜎𝑡2 is the variance observed without stopping. The diffusion coefficient can then be
calculated using the Einstein equation. 149
𝐷=

𝜎2
2𝑡

(4-5)

𝜎𝐷2 in Eq (4-4) is measure in units of time (s2). To calculate the diffusion coefficient in units of (m2/s) using
Eq (4-5), the spatial variance (𝜎𝑙2 ) must be calculated using:
𝐿

𝜎𝑙2 = 𝜎𝐷2 ( 𝑡𝑑 )2

(4-6)

Where 𝜎𝑙2 is the spatial variance of the peak, 𝜎𝐷2 is the temporal variance of the peak, 𝐿𝑑 is the length of
the capillary to the detector, and t is the migration time without stopping. 149

4.2 Experimental section
4.2.1 Chemical and materials
All proteins (Bovine Serum Albumin (BSA), Human Serum Albumin (HSA), ImmunoglobinG
(IgG)), peptides (Angiotensin II, Phe-Tyr), and amino acids (Tryptophan) with minimum of 95%
purity were purchased from Sigma-Aldrich (St. Louis, MO, U.S.A.). Formic acid (88%) was
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purchased form Fisher Scientific (Nepean, ON, Canada). Polyethyleneimine coating reagent of
trimethoxysilylpropyl-modified polyethyleneimine, 50% in isopropanol was purchased from
Gelest Inc. (Morrisville, PA). Solutions of Proteins and Peptides were prepared in deionized 18
MΩ water and were stored at -20°C unless otherwise stated. All sample solutions and buffers were
filtered through 0.22 µm sterile, Nylon syringe filters. All DLS studies were conducted at 25° with
0.5% formic acid solvent as buffer.

4.2.2 Instrumentation
The studies were performed on a P/ACE MDQ capillary electrophoresis system (Beckman Coulter,
Brea, CA) with a UV detection. CE studies were carried out on a 50μm inner diameter (I.D.),
365μm outer diameter (O.D.), 60 cm length (L) fused silica capillary (Polymicro Technologies,
Phoenix, AZ) coated with cationic Polyethylenimine (PEI). DLS studies were performed on a
Malvern Zetasizer (Nano-ZS, Malvern 75-01).

4.3 Results and discussion
4.3.1 Size evaluation using dynamic light scattering
Dynamic light scattering (DLS) is a well-established method to measure the hydrodynamic size of
particles. in this section, we use DLS to evaluate the size of the proteins and confirm that the
proteins have not denatures or aggregated during the preparation. Figure 4.1 shows the results
obtained from DLS for BSA, in which data are analyzed with cumulant method.

73

Figure 4. 1 Z-average and polydispersity index (PDI) obtained for BSA using Dynamic Light
scattering instrument. Intercept is used to evaluate the signal to noise ratio from a measure
sample and is used to judge the data quality. Conditional Probability Function (CPF) evaluates
the result quality. Size distribution by intensity (left) is an intensity distribution of particle sizes
which is proportional to the square of the molecular weight. Size distribution by volume (right)
describes the relative proportion of multiple components in the sample based on their mass or
volume rather than based on their intensity.

Table 4.1 shows the hydrodynamic radius for proteins: BSA, HSA, IgG (Human), IgG (Goat), and
dimer BSA. DLS was not able to measure the size of the peptides and amino acids, because it is
more sensitive to larger particles, therefore gives more accurate results for proteins than for
peptides or amino acids.
Size for HSA and BSA (MW≅ 66kDa) are in the same range, 3.049 nm and 3.811 respectively.
The hydrodynamic size for the two types of IgG are 11.08 and 13.70 nm. Immunoglobulins (IgG)
have higher molecular weight (MW≅ 150kDa), therefore expected to have bigger hydrodynamic
size than serum albumins.
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DimerBSA is expected to have double size of BSA, but the reported size is 4 times bigger. This
can be due to the higher sensitivity of DLS to larger particles or interaction of two dimers together.

Table 4. 1 Size and polydispersity obtained from DLS

Proteins
BSA
HSA
IgG (Human)
IgG (Goat)
Dimer BSA

Hydrodynamic size (nm)
3.811
3.049
13.70
11.08
16.55

Poly dispersity index (PDI)
0.283
0.216
0.282
0.090
0.584

4.3.2 Size and charge evaluation using stopped migration CE
The proteins and peptides are analyzed with stopped migration method here. Figure 4.2 shows the

concentration profile for two molecules with different sizes, Tryptophan and IgG (one amino acid
and one protein). Each one was stopped in the column for 2 hours and electrophoresed again. Since
in CE, EOF is causing the bulk motion, the velocity profile in the column is flat. Therefore, only
longitudinal diffusion is happening. Because diffusion coefficient for Tryptophan is bigger than
IgG, during 2 hours of waiting in the column, it diffuses
more and therefore the peak becomes broader. However, diffusion coefficient for IgG is very
small, and so, the dispersion of this molecule along the column is very small. For such molecules
with small diffusion coefficient, the difference in the peak variance is measured with difficulty and
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the error percentage will be higher. Therefore, this technique may not be suitable for large
molecules.

Figure 4. 2 Broadening of the electropherograms observed for (A) tryptophan (B) BSA. Blue: with
turning off the electric field for 120 min, Orange: Without turning off the electric field.

Table 4. 2 Calculated diffusion coefficient and size using stopped migration method

σ2𝑙,1(m2) *

σ2l,2(m2)**

BSA
NA
NA
HSA
NA
NA
Dime BSA
NA
NA
IgG
NA
NA
−6
AngioTensin II
1.55× 10
9.66× 10−6
−6
Phe-Tyr
1.73× 10
9.55× 10−6
Tryptophan
1.24× 10−6
1.95× 10−6
* spatial variance of orange electropherogram in Figure 4.2.
**spatial variance of blue electropherogram in Figure 4.2.

D (m2 /s)
NA
NA
NA
NA
4.12× 10−10
4.23× 10−10
3.16× 10−10

R h (nm)
NA
NA
NA
NA
0.41
0.42
0.32
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Table 4.2, shows calculated diffusion coefficient for molecules with a wide range of size using
stopped migration method. In this table, the spatial variances for each molecule is calculated in
units of length using Eq (4-6). Then Eq (4-5) is used to calculate the diffusion coefficient of each
molecule. The difference in peak variance is very small for large particles and it is in the standard
deviation range so we could not derive diffusion coefficient for the large particles.

4.3.3 Size evaluation using Taylor dispersion analysis
4.3.3.1 Effect of concentration of size of BSA
Taylor dispersion analysis is an absolute method and does not require calibration. Therefore, no
knowledge of concentration is required. In ideal condition, the concentration should not affect the
size value but in experimental conditions, lower concentration may not give strong enough signal
and higher concentration may lead to undesired interaction between the molecules. In this section,
the variation of size for BSA is studied at different concentrations. Figure 4.3 shows the taylogram
for BSA using TDA when only pressure or combination of pressure and voltage is applied. There
is a negative peak coming out along with BSA that may be due to some impurity or solvent. When
only pressure is applied the negative peak is coming out at the same time as BSA peak causing a
distortion in the peaks. However, when voltage is applied with pressure, the negative peak is well
resolved leading to a well-shaped Gaussian peak. Table 4.3 shows the effect of concentration on
the size of BSA. The variation in size is within the standard deviation in the first column of the
table where voltage in applied with pressure. But, in the second column where only pressure is
applied, the standard deviation between sizes of BSA at different concentration is 0.8 which is
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bigger than the standard deviation calculated for each concentration. This might be due to the
distortion of peaks in the presence of negative peak which makes Gaussian fitting more
complicated. In general, for both columns, the size is increasing as the concentration increases. As
the concentration increases, viscosity of the solution can change and aggregation may happen

AU

AU

which leads to different sizes.

Figure 4. 3 The effect of concentration on the taylogram of BSA with and without applying voltage (A)
pressure only: 1psi, (B) pressure and voltage: 1psi+ 10kV

Table 4. 3 Size of BSA at different concentrations

Concentration (mg/mL)

Size (nm) by TDA (P+V)

Size (nm) by TDA (P)

2.5
5
10
20

5.31 ∓ 0.17
5.38 ∓ 0.26
5.40 ∓ 0.38
5.42 ∓ 0.10

7.79 ∓ 0.14
4.62 ∓ 0.09
6.27 ∓ 0.05
6.45 ∓ 0.48
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4.3.3.2 Sizing of proteins and peptides using TDA
In this section, the size of proteins and peptides are evaluated with TDA method. All the molecules
are separated under the same condition such as similar buffer composition, injection length,
mobilizing pressure. The peak width of the electropherograms for each molecule and the migration
time is used to estimate the diffusion coefficient. Einstein-Stokes equation is then used for
calculating the hydrodynamic size of each molecule. Each run is repeated three time to calculate
the standard deviation in calculation of the reported size. As it is shown in the table 4.3 the standard
deviation in size is in the acceptable range and relative standard deviation is below 10% for all the
proteins and peptides. As opposed to DLS which is more sensitive to larger molecules and Stopped
migration method which is more sensitive to smallest molecules, TDA is able to cover a wider
range of sizes for proteins, amino acids, and peptides.

Figure 4. 4 Correlation of molecular weight and calculated hydrodynamic size: as the molecular weight is
increasing, the hydrodynamic size is increasing
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Figure 4.4 shows, as the molecular weight of proteins and peptides increases, their hydrodynamic
size also increases. The hydrodynamic size calculated from diffusion coefficient for a molecule is
the size of a hypothetical hard sphere which has the same diffusion coefficient as the molecule of
interest. However, In reality, proteins with almost similar molecular weight may not all be
spherical and may be solvated slightly differently. 150 This explains why in Figure 4.4, proteins
with similar molecular weight have slightly different hydrodynamic size.

Table 4. 4 Size evaluation of proteins and peptides using TDA

MW (Da)

Concentration (mg/mL)

Rh(nm)*

%RSD

IgG (Human)

150000

5.0

8.88 ∓ 0.61

6.87

BSA
Lysozyme
Cytochrome C
RNase A
AngioTensin
Tryptophan

66500
14300
12000
13700
1046
204

5.0
10.0
4.0
2.0
2.5
3.75

4.62 ∓ 0.09
2.10 ∓ 0.04
2.50 ∓ 0.04
3.00 ∓ 0.25
0.97 ∓ 0.05
0.44 ∓ 0.03

1.95
1.90
1.60
8.33
5.15
6.82

4.4 Conclusion
The hydrodynamic size of some proteins and peptides and an amino acid was evaluated using three
different methods: DLS, TDA, and Stopped migration CE. DLS was more sensitive to larger
molecules such as proteins and was not able to give accurate and precise results for small molecules
such as peptides and amino acids. On the other hand, stopped migration CE method gave better
results for small molecules than the bigger ones. TDA covered wider size range and it was able to
provide reproducible results for small and larger molecules. TDA is a remarkable candidate for
study of a mixture of molecules with different sizes.
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Chapter 5: Taylor dispersion analysis in the presence of
electrophoretic mobility

5.1 Introduction
Taylor dispersion is becoming one of few promising methods to evaluate diffusion coefficient and
hydrodynamic size of particles of various sizes such as polymers, proteins, peptides, and small
molecules

151-152

. TDA differentiates the particles based on their dispersion coefficient which

varies by hydrodynamic radii of species34, 128. Therefore, no separation is achieved based on the
retention of species which aggravates the application of this technique for mixtures. There have
been studies for the use of TDA for the mixture of solutes, most of which calculate average
diffusion coefficient and thus average hydrodynamic radius 153. Cottet et al. formulated equations
for the calculation of average diffusion coefficients of particles in the mixture. They showed the
average diffusion coefficient value depends on the nature of the detector if it is a mass
concentration or molar concentration-sensitive. They also compared values obtained by TDA with
the ones achieved by DLS and concluded that for samples with monomodal and relatively low
polydispersity, the average diffusion coefficients obtained from both methods are very close.
However, for highly polydisperse samples, the difference in the values reported from the two
techniques are significant 154. For characterizing mixtures, other methods are proposed as well, in
which, besides the average size, the information about the polydispersity of the mixture is also
extracted. For example, Cipelletti et al. deconvoluted taylogram from a mixture into its
components to report the average hydrodynamic size and polydispersity index

155

. Cumulant
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method is a well-known approach, and it derives polydispersity index from taylogram

156

.

Constrained Regularized Linear Inversion (CRLI) is another more recent data processing method
to extract the probability density functions of diffusion coefficients from taylogram 157. Although
having polydispersity index beside average size provides useful information about the constituents
of the mixture, the size and diffusion coefficient of each component are still undetermined. Also,
the data analysis may become more complicated when dealing with particles of similar size.
Separating the components of the mixture and then characterizing their size is another approach
for dealing with mixtures. Cottet et al. investigated the use of capillary electrophoresis coupled to
TDA for the characterization of nanoparticle mixtures. In this method, they used a loop column
with three detection window; first, particles are separated under an electric field in CE, and when
they pass the first window, the voltage is stopped and particles flow in the column with only
pressure (classical TDA). This technique combines the separation power of CE with size
characterization of TDA. This method offers comparable results to Dynamic light scattering (DLS)
and hydrodynamic chromatography (HPC), but it requires having a column with three detection
windows, which is not accessible in all CE instrument 158.
To achieve separation and size characterization using typical CE, we incorporated voltage in TDA,
by applying pressure and voltage simultaneously. In this paper, we solved the convection-diffusion
equation for system with Poiseuille and electrophoretic flow and derive the modified version of
Taylor equation for determination of diffusion coefficient. We also, analyze particles of different
sizes (proteins, peptides, amino acids) and compared their size using the equations used for
classical TDA and our new equations. In the end, TDA with combination of pressure and voltage
is used for size and charge determination of a mixture of BSA, Angiotensin II, and Tryptophan.
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5.1.1 TDA theory
This section summarizes the main equations used to derive diffusion coefficient in TDA 159.
Convection-diffusion transfer equation shows how molecular diffusion and convection contributes
to the mass transfer of chemical species in a fluid. The convection-diffusion transfer equation 160
for the flow in present case is given by:
𝜕𝐶
𝜕𝐶 𝐷 𝜕
𝜕𝐶
𝜕 2𝐶
+ 𝑈(𝑟)
=
(𝑟 ) + 𝐷 2
𝜕𝑡
𝜕𝑥 𝑟 𝜕𝑟 𝜕𝑟
𝜕𝑥

(5 − 1)

In which x and r measures the axial and radial position in a tube of radius R, respectively, and C
and D are the concentration and diffusion coefficient of the analyte respectively.
The flow velocity obeys Poiseuille law 161 and is given by:
̅ (1 −
𝑈(𝑟) = 2𝑈

𝑟2
)
𝑅2

(5 − 2)

̅ is the average velocity of fluid in the tube.
In which, U
𝜕2 𝐶

In Taylor dispersion flow, the axial diffusion is assumed to be negligible, therefore 𝐷 𝜕𝑥 2 is omitted
from Eq (5-1).
𝜕𝐶
𝜕𝐶 𝐷 𝜕
𝜕𝐶
+ 𝑈(𝑟)
=
(𝑟 )
𝜕𝑡
𝜕𝑥 𝑟 𝜕𝑟 𝜕𝑟

(5 − 3)

For solving Eq (5-3), it is assumed the process is steady in a reference frame moving with a velocity
̅.
of 𝑈

̅𝑡
𝑥́ = 𝑥 − 𝑈

(5 − 4)
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Assuming the steady state condition for the process and combining Eq (5-2), Eq (5-3) and Eq (54) gives Eq (5-5).

̅ (1 −
𝑈

2𝑟 2 𝜕𝐶 𝐷 𝜕
𝜕𝐶
)
=
(𝑟
)
𝑅 2 𝜕 𝑥́
𝑟 𝜕𝑟 𝜕𝑟

(5 − 5)

𝜕𝐶

By the assumption that 𝜕𝑥′ is independent of r, integration of Eq (5-5) results in Eq (5-6).
̅ 𝜕𝐶 𝑟 2
𝑈

2𝑟 4

𝐶(𝑟) = 𝐷 𝜕𝑥′ [ 4 − 16𝑅2 ] + 𝑘1 ln(𝑟) + 𝐶0

(5 − 6)

In Eq (5-6), 𝑘1 must be zero, otherwise at the center of the tube (r=0) the concentration will be
infinite.
𝑟2

𝑟4

𝐶(𝑟) = 𝛼 [𝑅2 − 2𝑅2 ] + 𝐶0
Where 𝛼 is

̅𝑅 2 𝜕𝐶
𝑈
4𝐷 𝜕𝑥′

(5 − 7)

.

Eq (5-8) is used to obtain the average concentration across the tube.
𝑅 2𝜋
1
1
𝐶̅ = 𝐴 ∫ 𝐶(𝑟)𝑑𝐴 = 𝜋𝑅2 ∫0 ∫0 𝐶(𝑟)𝑟 𝑑𝑟 𝑑𝜃

(5 − 8)

Variables r and θ in the integral are independent of each other, so we can integrate each variable
independently and multiply the results together.
2

4

2𝜋 𝑅
𝑟
𝑟
𝐶̅ = 𝜋𝑅2 ∫0 (𝛼 [𝑅2 − 2𝑅2 ] + 𝐶0 ) 𝑟 𝑑𝑟

𝐶̅ = 𝐶0 +

𝛼
3

(5 − 9)
(5 − 10)

Substituting 𝐶0 from Eq (5-10) in Eq (5-7) leads to Eq (5-11).
2

4

1
𝑟
𝑟
𝐶(𝑟) = 𝐶̅ + 𝛼 [− 3 + 𝑅2 − 2𝑅2 ]

(5 − 11)
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To evaluate the extend of dispersion of solute in the column, average mass flux of the solute (J)̅ in
the cross section of the tube is calculated using Eq (5-12).
𝑅 2𝜋

1
𝐽̅ =
∫ ∫ 𝑀𝐶(𝑟)𝑈(𝑟)𝑑𝜃 𝑟𝑑𝑟
𝜋𝑅 2

(5 − 12)

0 0

Where C(r) is concentration of solute in radial direction with unit of mol/L and M is molar mass
of solute with unit of g/mol.
Solving the integration in Eq (5-12) by substituting U(r) from Eq (5-2) and C(r) from Eq (5-11)
gives Eq (5-13).
𝐽̅ = −

1
̅𝛼
𝑀𝑈
12

(5 − 13)

substituting 𝛼 in Eq (5-13) gives the average mass flux across the capillary column (Eq (5-14)).
According to Fick's first law, under assumption of steady state, mass flux and concentration
gradient are related by the diffusion coefficient

162

. Because, our system results in a one-

dimensional dispersion of the solute, the coefficient has the characteristics of the dispersion.
therefore, the dispersion coefficient is obtained using Eq (5-14).
̅ 2 𝑀𝜕𝐶
−𝑅 2 𝑈
̅𝐽 = (
)
48𝐷
𝜕𝑥 ′

(5 − 14)

Since J̅ is the mass flux of solute, the concentration needs to be stated in mass per volume unit.
Therefore, Molar Mass (M) is multiplied by Concentration (C) to convert the unit of concentration
to g/L.
𝐷′ =

̅2
−𝐹𝑙𝑢𝑥
𝑅2𝑈
=
𝐺𝑟𝑎𝑑𝑖𝑒𝑛𝑡
48𝐷

(5 − 15)

𝐷′ is called dispersion coefficient. Eq (5-15) states that effectively solutes with smaller diffusion
coefficient disperse faster in axial direction and vice versa.
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Dispersion coefficient (𝐷 ′ ) is measured experimentally by evaluating the variance and migration
time of eluted peaks. Einstein equation (𝜎𝑙2 = 2𝐷′𝑡)

165

is used to relate the spatial variance and

migration time of the eluted peaks to the dispersion of the solutes.
Eq (5-16) is obtained by substituting Einstein equation in Eq (5-15) and converting spatial variance
̅ 2 𝜎𝑡2 ). This equation is used to calculate the diffusion coefficient of
to temporal variance (𝜎𝑙2 = 𝑈
solutes using migration time and temporal variance of concentration profile.
𝐷=

𝑅2𝑡
24𝜎𝑡2

(5 − 16)

Hydrodynamic size is estimated using Einstein-Stokes equation (Eq (5-17))163.
𝑘𝐵 𝑇
6𝜋𝜂𝐷

(5 − 17)

5.2 Experimental section
The capillary column was coated with HPC (Hydroxypropyl cellulose) to suppress the
electroosmosis flow in the analysis; the column was rinsed with HPC for 20 minutes with 50 psi
and then heated in the GC oven for 2.5 hours 164. The buffer is 25mM ammonium acetate with pH
of 3.5-4 to keep the species charged. All the particles (Proteins, peptides, amino acids) were
dissolved in buffer with different concentrations (2-5 mg/mL) based on their solubility. The
analytes were analyzed under pressure of 1 psi and voltage of 10 kV. The injection was 0.5 psi for
5 seconds. Capillary electrophoresis instrument from Beckman was used for all the analysis. The
UV detector at the wavelength of 200 nm was used for detection. All the raw data were analyzed
using the program coded in Matlab.
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5.3 Results and discussion
Classical TDA uses only pressure for mobilization of bulk flow; therefore, no separation is
achieved in this approach. Using voltage along with the pressure in TDA leads to simultaneous
separation and size characterization of particles, which is advantageous when dealing with
mixtures. However, Eq (5-8) is not accurate for the calculation of diffusion coefficients when
voltage is applied besides pressure. In this section, we modify the equation for the calculation of
diffusion coefficients for particles of different sizes which are analyzed under the combination of
pressure and voltage. Also, we confirm the validity of the TDA when the voltage is applied beside
pressure. Finally, the optimized combination of voltage and pressure is used to separate and
characterize a mixture of protein, peptide, and amino acid.

5.3.1 Equations for the evaluation of diffusion coefficient in the presence of
electrophoretic flow
In TDA technique, when voltage is applied, analytes move faster due to the electrophoretic flow.
The net bulk motion is the combination of Poiseuille flow and electrophoretic flow (Eq (5-18)).
Thus, the velocity in Eq (5-3) needs to be corrected which gives Eq (5-19). Assumption in Eq (5̅.
4) is also made here that the process is in steady state with a moving frame with speed of U

̅ (1 −
𝑈(𝑟) = 𝑈

2𝑟 2
) + 𝑢𝑒𝑝
𝑅2

̅
𝑢𝑒𝑝 𝜕𝐶
1𝜕
𝜕𝐶
𝑈
2𝑟 2
(𝑟 ) = ( (1 − 2 ) +
)
𝑟 𝜕𝑟 𝜕𝑟
𝐷
𝑅
𝐷 𝜕𝑥 ′

(5 − 18)

(5 − 19)

Eq (5-20) and Eq (5-21) are consecutive integration of Eq (5-19) which results in Eq (5-22).
̅ 𝜕𝐶 𝑟 2 2𝑟 4
𝑢𝑒𝑝 𝜕𝐶 𝑟 2
𝜕𝐶 𝑈
𝑟
=
[ −
]+
+ ℎ1
𝜕𝑟 𝐷 𝜕𝑥 ′ 2 4𝑅 2
𝐷 𝜕𝑥 ′ 2

(5 − 20)
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̅ 𝜕𝐶 𝑟 1 2𝑟 3
𝑢𝑒𝑝 𝜕𝐶 𝑟 ℎ1
𝜕𝐶 𝑈
=
[
−
]
+
+
𝜕𝑟 𝐷 𝜕𝑥 ′ 2 4𝑅 2
𝐷 𝜕𝑥 ′ 2 𝑟
𝐶(𝑟) =

̅𝑅 2 𝜕𝐶
𝑈
4𝐷

𝑟2

2𝑟 4

[ − 4𝑅4 ] +
𝜕𝑥′ 𝑅 2

𝑢𝑒𝑝𝑅2 𝜕𝐶 𝑟 2
4𝐷

𝜕𝑥′ 𝑅 2

+ ℎ1 ln(𝑟) + 𝐶0

(5 − 21)
(5 − 22)

In Eq (5-22), ℎ1 must be zero, otherwise at the center of the tube (r=0) the concentration will be
infinite.
𝐶(𝑟) = 𝛼 [
In Eq (5-23), α is

̅𝑅 2 𝜕𝐶
𝑈
4𝐷

and β is
𝜕𝑥′

𝑟2
𝑟4
𝑟2
−
]
+
𝛽
+ 𝐶0
𝑅 2 2𝑅 4
𝑅2

𝑢𝑒𝑝 𝑅 2 𝜕𝐶
4𝐷

𝜕𝑥′

(5 − 23)

.

To find 𝐶0 in terms of 𝐶̅ we use Eq (5-24).
1

𝑅

2𝜋

𝐶̅ = 𝜋𝑅2 ∫0 ∫0 𝐶(𝑟)𝑟 𝑑𝑟 𝑑𝜃

(5 − 24)

Eq (5-25) is obtained by solving the integration above.

𝐶̅ = [𝛼 [

𝑟4
𝑟6
𝑟4
1
−
]
+
𝛽
+
𝐶0 𝑟 2 ]𝑅0
4
6
4
2
2𝑅
6𝑅
2𝑅
𝑅

(5 − 25)

Using upper and lower limits, 𝐶0 is shown in terms of 𝐶̅ , α, and β.
𝐶0 = 𝐶̅ −

𝛼 𝛽
−
3 2

(5 − 26)

Substituting Eq (5-26) in Eq (5-23) gives Eq (5-27) concentration as a function of r.

−1 𝑟 2
𝑟4
−1 𝑟 2
𝐶(𝑟) = 𝐶̅ + 𝛼 [
+ 2 − 4] + 𝛽 [
+ 2]
3
𝑅
2𝑅
2
𝑅

(5 − 27)

Average mass flux of solute in the cross section is calculated using Eq (5-12) with velocity
presented in Eq (5-18).
Mathematica software is used to solve for 𝐽 ̅ which is average mass flux of solute in the presence
of electrophoretic mobility Eq (5-28).
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𝐽̅ = (

̅ 2 + 2𝑢𝑒𝑝 𝑈
̅) 𝜕𝐶
−𝑅 2 (𝑈
)
+ 𝑢𝑒𝑝 𝐶(𝑥 ′ )
48𝐷
𝜕𝑥′

(5 − 28)

Using Fick's first law, dispersion coefficient (𝐷′ ) is derived by dividing the average mass flux (𝐽)̅
𝜕𝐶

by the concentration gradient (𝜕𝑥′).
𝐷′ =

̅ 𝑢𝑒𝑝 𝐶(𝑥 ′ )
̅ 2 𝑅 2 (2𝑢𝑒𝑝 )𝑈
𝑅2𝑈
+
−
𝜕𝐶(𝑥 ′ )
48𝐷
48𝐷
𝜕𝑥 ′

(5 − 29)

We introduce γ to simplify Eq (5-29).
𝛾=

𝐶(𝑥 ′ )
𝜕𝑥′
=
′
𝜕𝐶(𝑥 ) 𝜕ln(𝐶(𝑥 ′ ))
𝜕𝑥′

(5 − 30)

Eq (5-31) is simplified version of Eq (5-29).
𝑅2
̅ 2 + 2𝑢𝑒𝑝 𝑈
̅) − 𝑢𝑒𝑝 𝛾
𝐷 =
(𝑈
48𝐷
′

We use Einstein diffusion equation (Eq (5-32))
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(5 − 31)

, to convert the dispersion coefficient to the

spatial variance of the concentration profile.

𝜎𝑙2

𝜎𝑙2
= 2𝐷 𝑡 → 𝐷 =
2𝑡
′

′

(5 − 32)

Combining Eq (5-31) and Eq (5-32) gives Eq (5-33).
𝜎𝑙2
𝑅2
𝐷
̅ 2 + 2𝑢𝑒𝑝 𝑈
̅) − 𝑢𝑒𝑝 𝛾
=
(𝑈
2𝑡
48𝐷
𝐷

(5 − 33)

By rearranging Eq (5-33), diffusion coefficient is derived as a function of spatial variance,
migration time, Poiseuille and electrophoretic velocity (Eq (5-34)).
𝑅2𝑡
2𝐷𝑡
̅ 2 + 2𝑢𝑒𝑝 𝑈
̅) −
𝐷=
(𝑈
𝑢 𝛾
24𝜎𝑙2
𝜎𝑙2 𝑒𝑝

(5 − 34)
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Using Eq (5-35), we convert spatial variance to temporal variance, which is easily extracted from
the eluted peaks.
2

̅ + 𝑢𝑒𝑝 ) 𝜎𝑡2
𝜎𝑙2 = (𝑈

(5 − 35)

Both σ2l in Eq (5-34) are replaced with the term on the right side of Eq (5-35).
̅ 2 + 2𝑢𝑒𝑝 𝑈
̅)
𝑅 2 𝑡 (𝑈
2𝐷𝑡
𝐷=
−
𝑢𝑒𝑝 𝛾
2
2
̅
24𝜎𝑡 (𝑈 + 𝑢𝑒𝑝 )
̅ + 𝑢𝑒𝑝 )2
𝜎𝑡2 (𝑈

(5 − 36)

To simplify Eq (5-36) we introduce δ and κ.
𝛿=

𝜅=

̅ 2 + 2𝑢𝑒𝑝 𝑈
̅)
(𝑈
̅ + 𝑢𝑒𝑝 )2
(𝑈

(5 − 37)

2𝑢𝑒𝑝 𝑡𝛾
+ 𝑢𝑒𝑝 )2

(5 − 38)

̅
𝜎𝑡2 (𝑈

Eq (5-39) is obtained by inserting δ and κ in Eq (5-36).
𝐷=

𝑅2𝑡
𝛿 − 𝜅𝐷
24𝜎𝑡2

(5 − 39)

Eq (5-39) is rearranged to derive diffusion coefficient.
𝑅2𝑡
𝛿
24𝜎𝑡2
𝐷=
1+𝜅

(5 − 40)

Eq (5-40) is a used when a voltage is applied in addition to the pressure, and electrophoretic flow
is not zero. In classical TDA, δ equals 1 (Eqn (5-37)) and κ becomes zero (Eq (5-38)), therefore,
Eq (5-40) equals to Eq (5-16). However, when voltage is applied, δ is smaller than 1, which makes
numerator in Eq (5-40) smaller than the one in classical TDA and denominator bigger than 1.
Therefore, for TDA with pressure and voltage, if corrections are not made and Eq (5-16) is used
for calculation of diffusion coefficients, the obtained values will be bigger than expected which
leads to smaller particles size.
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5.3.2 Diffusion coefficient of particles in the presence of electrophoretic flow
Table 5.1 shows the values for diffusion coefficients estimated using Eq (5-16) for both classical
TDA (𝐷∗ ) and the one with voltage and pressure (𝐷∗∗ ). As the electrophoretic velocity increases,
%error increases which is due to more deviation from the classical TDA. When we use Eq (5-16)
for the calculation of both 𝐷∗ and 𝐷 ∗∗ , the results for TDA with voltage are bigger than the ones
for classical TDA. Therefore, the modified equation for the calculation of diffusion coefficients
must be used (Eq (5-33)). For classical TDA, δ is equal to 1 and κ equals zero which makes this
equation equal to Eq (5-16). When a voltage is applied along with pressure, δ becomes smaller
than one due to the presence of electrophoretic velocity and κ adds to the denominator, thus, the
diffusion coefficients obtained from Eq (5-33) will be smaller than the ones derived from Eq (533) which leads to smaller error percentages.

Table 5. 1 Diffusion coefficient with and without applying voltage

Particles

D* (m2/s)

uep(m/s)

D**(m2/s)

%Error

IgG

2.19×

2.7× 10−04

3.86×

43.2

10−11
BSA

4.21×

10−11
2.3× 10−04

10−11
Lysozyme

9.26×

7.79×

C

10−11

25.0

10−11
3.8 × 10−04

10−11
Cytochrome

5.62×

1.77

47.6

× 10−10
4.2× 10−04

1.60

51.4

× 10−10
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RNase A

6.49×

3.1× 10−04

10−11
AngioTensin

2.01×

II

10−10

Tryptophan

4.38×

1.05

38.4

× 10−10
2.6× 10−04

3.46×

41.8

10−10
3.4× 10−05

10−10

4.16×

-5.4

10−10

To correct the diffusion coefficients, the values of δ and κ needs to be estimated. Δ is calculated
using the electrophoretic and Poiseuille velocity. For κ, we need to have an estimation of γ which
is not the goal of this paper and it will be investigated in future work.

5.3.3 Validity of TDA in the presence of electrophoretic flow
For the equations of TDA to be valid, two conditions must be satisfied. The first condition requires
the migration time to be much greater than the time required for the solute molecules to diffuse
radially across the capillary119. The second condition requires the axial diffusion of the solute to
be negligible when compared to its dispersion which can be expressed with Peclet number166. As
the diffusion coefficient of the particle becomes bigger the Peclet number becomes smaller and
gets closer to the minimum value. Table 5.2 shows the migration time and Peclet number for
particles of different sizes. The minimum values of t0 and Pe are calculated using the below
equations and minimum elution time for each particle is shown in table 5.3.
TDA first condition:

𝑡0 >

1.4𝑅 2
𝐷
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TDA second condition:
𝑃𝑒 =

̅𝑅
𝑈
> 50
𝐷

Table 5. 2 Peclet number and elution time of particles with and without applying voltage

Particles

t0(p)

Pe(p)

t0(p+V)

Pe(p+V)

IgG

493

1158

391

829

BSA

501

593

408

545

Lysozyme

506

267

364

195

Cytochrome C

506

317

355

220

RNase A

505

381

384

310

AngioTenisn

488

127

390

93

Tryptophan

497

57

481

63

Table 5. 3 Minimum elution time for TDA to be valid

Particles

t0(s)

IgG

22.7

BSA

15.6

Lysozyme

4.9

Cytochrome C

5.5

RNase A

8.3

AngioTenisn

2.5

Tryptophan

2.1
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Comparing the values in table 5.2 and table 5.3 for all the particles, the migration times are all
longer than the minimum value, therefore, the first condition of TDA is met. Also, all the values
for Peclet numbers are bigger than minimum value.

5.3.4 Size and charge characterization of mixture
Using voltage besides pressure gives TDA, a separation power which is advantageous for mixtures.
The charge of individual components can be determined as well as the size. Size and charge are
fundamental properties of proteins in solution. Amino acids which are constituents of proteins may
be positive, negative, neutral, together give a protein its overall charge. At a pH below their pI,
proteins carry a net positive charge; above their pI, they carry a net negative charge. The
calculation of charge of proteins and peptides is challenging because it requires detailed
information about the pH of the surrounding medium and the ionization constant of each amino
acid. There are only few works on the estimation of the net charge of peptides and proteins 167-168.
In this section, charge and size of particles of different sizes are estimated. A mixture of a protein,
a peptide, and an amino acid is analyzed by applying pressure and voltage at the same time. They
are separated by the combination of electrophoretic and Poiseuille flow; electrophoretic velocity
is calculated for each particle by calculating the differences between the velocity obtained from
combination of pressure and voltage and the one obtained from pressure only. Their diffusion
coefficient and hydrodynamic radius are measured using their peak width and migration time using
Eq (5-33). Having the electrophoretic velocity of each particle δ is calculated using Eq (5-30). To
calculate κ (Eq (5-31)), γ is estimated by comparing the diffusion coefficients obtained from
classical TDA and TDA with pressure and voltage.
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Figure 5.1 shows the electropherogram for the mixture of BSA, AngioTenisn, and Tryptophan
when a pressure of 1psi and voltage of 10 kV is applied. Tryptophan is well separated while
AngioTenisn and BSA are migrating close to each other but far enough to analyze each peak
separately. Using voltage 20 kV gives better separation but the peaks for BSA and AngioTenisn
are still overlapping. We chose voltage of 10kV for this study so that the TDA conditions are met.
The equation describing electrophoretic mobility is 169:
𝜇𝑒𝑝 =

𝑄
6𝜋𝜂𝑅ℎ

(5 − 41)

where Q is charge in coulombs, 𝜂 is the viscosity of the solution in Pa.s, and Rh is the size estimated
using TDA method when pressure and voltage are applied. Eq (5-41) is used to calculate the charge
of particles

The charge for proteins is bigger than peptides and bigger than amino acids. All the particles have
nonzero charge and it shows pH is below their isoelectric points. BSA carries more charge than
the other two which is due to the large surface area.

Table 5. 4 Size and charge measurement of a mixture of BSA, AngioTensin, and Tryptophan at pH 3.5

µep(m2/s.V)

Particles

Rh(nm)

Charge

BSA

5.96±0.14 1.31× 10−8

8.2

AngioTenisn

1.03±0.04 1.66× 10−8

1.8

Tryptophan

0.47±0.01 9.17× 10−8

0.6
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Figure 5. 1 Separation of a mixture of angiotensin (green), BSA(red), tryptophan (blue) at pressure of
1psi and voltage of 10kV with capillary electrophoresis instrument

5.4 Conclusion
In this work, we have demonstrated the modified equations for the estimation of diffusion
coefficient in TDA approach when applying the combination of Poiseuille flow and electrophoretic
flow. We have also shown that the validity of TDA is retained in our method and the diffusion
coefficient is calculated using the temporal variance of the peaks and their migration time as well
as the electrophoretic velocity. The resulting equations are consistent with the experimental data
obtained for proteins, peptides, and amino acids. The application of this method is investigated for
the separation and size characterization of components of the mixture of BSA, AngioTensin, and
Tryptophan.
Simultaneous separation and size characterization of molecules in capillary tubes is achieved by
applying both voltage and pressure. However, the equations used for classical TDA cannot be used
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when voltage is applied. Modifying the equations for TDA in the presence of electrophoretic flow
is a valuable work that is done and presented this chapter.
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Chapter 6: Electroosmotic flow dispersion of large molecules
in electrokinetic migration

6.1 Introduction

Capillary electrophoresis (CE) is one of the separation techniques that can be used to study a
variety of molecules, including large biomolecules.170 In addition to being used for separation and
quantification of analytes in complex mixtures, CE has been used for the determination of
physicochemical properties such as equilibrium constant 171 and diffusion coefficient. 172 Diffusion
is an unavoidable phenomenon in a liquid and is a two-edged sword in CE: it is one of the main
components that lead to broadening of peaks and therefore diminishes the resolution of separation
but at the same time, it gives some information about the diffusion coefficient,

173-175

or the size,

of the particles being separated. 176
Different sources can contribute to the peak broadening in electropherograms, including the length
of sample injection and the width of the detection window, electro migration, wall adsorption,
Joule heating and molecular diffusion. There have been several studies on minimizing each one of
these sources to achieve high separation efficiency. Sample injection length needs to be short to
obtain good resolution.

177-178

Peak asymmetry caused by electro-migration can be reduced by

using uniform electrolytes throughout the separation, and wall adsorption can be alleviated by
using appropriate coatings.179-180 Moreover, The effect of Joule heating on resolution of CE has
been widely investigated and various approaches have been taken to reduce its effect on bandbroadening.181 Among all of the factors that cause band broadening, diffusion of the molecules in
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solution is unavoidable. To control its effect on resolution, and perhaps make use of this
phenomenon to better understand the analytes, the phenomenon of diffusion must be understood.
Ghosal182

reviewed various sources that limit the efficiency of the separation in CE. He

investigated the axial dispersion in CE and the factors contributing to the band broadening. 183
Others used the broadening of the peaks to calculate the diffusion coefficient of the molecules.149
In 1953 Taylor showed that by combining the convection of the fluid in the column with radial
diffusion, an “apparent longitudinal diffusion”, or dispersion, term is obtained, which is inversely
proportional to the diffusion coefficient. These studies led to Taylor dispersion analysis which is
used for the determination of diffusion coefficient and also explains the dispersion of molecules
under Poiseuille flow.

26

Cottet et al. used this technique to measure the diffusion coefficient of

dendrigraft poly-L-lysine by applying pressure to move the sample plug through the capillary and
measuring the band broadening of the resulting peaks. 158 They demonstrated that larger molecules
with smaller diffusion coefficient give wider peaks.
Although the diffusion of molecules has been extensively studied in narrow tubes under pressure,
not enough studies have been done to investigate the dispersive behavior of molecules in electric
field driven migration.
In certain conditions, when an electric field is applied to the capillary column, a bulk fluid motion
is observed. This motion is called electroosmosis which stems from the electrostatic force on the
ions in the electrical double layer, a thin layer of ions that is located near the wall exposed to the
solution. The velocity of this motion is determined by the applied electric field, the material used
to construct the channel inner wall and the composition of the solution in the channel.7 The main
difference between the pressure driven flow and EOF driven flow is in the shape of the flow profile,
which is parabolic in the former and flat in the latter. However, the length of Debye layer varies
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with the concentration and the pH of the background electrolyte (BGE) being used. As the Debye
length gets larger, there will be a deviation from the flat flow profile and the velocity distribution
will be nonuniform. In this case, the dispersion consists of more terms than just the diffusion
coefficient. 184
In this chapter, we described how molecules with different diffusion coefficients behave in the
presence of electric field in CE. We also presented how the zeta potential and the Debye layer
length affect the dispersion and therefore broadening of the peaks in CE. The results showed that
the traditional belief about small peak width for large molecules needs to be revisited. We
demonstrated that electroosmotic dispersion must be considered.

6.2 Experimental section
6.2.1 Apparatus
Experiments were performed on a P/ACE MDQ capillary electrophoresis system (Beckman
Coulter, Brea, CA) with UV detection at a wavelength of 200 nm. CE studies were carried out
with a fused silica capillary (60 cm total length × 50 cm length to detector × 50 μm i.d. × 365 μm
o.d.) (Polymicro Technologies, Phoenix, AZ) coated with cationic polyethylenimine (PEI) with
the procedure outlined in U.S. Patent 6923895 B2. 185
Dynamic light scattering (DLS) studies were performed with a Malvern Zetasizer instrument
(Nano-ZS, Malvern 75-01).

6.2.2 Reagents
All proteins (bovine serum albumin (BSA), immunoglobinG (IgG)), and peptides (Angiotensin II,
Phe-Tyr) with at least 95% purity were purchased from Sigma-Aldrich (St. Louis, MO). Formic
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acid (88%) was purchased from Fisher Scientific (Nepean, ON, Canada). Polyethylenimine
coating reagent of trimethoxysilylpropyl-modified polyethylenimine, 50% in isopropanol was
purchased from Gelest Inc. (Morrisville, PA). Solutions of proteins and peptides were prepared in
deionized 18 MΩ water and were stored at -20°C unless otherwise stated. All sample solutions and
buffers were filtered through 0.22 µm sterile, Nylon syringe filters. All DLS studies were
conducted at 25° with 0.5% formic acid solvent as buffer.

6.2.3 Method for evaluation of dispersion
Proteins and peptides with different sizes were used as analytes, and they were analyzed under
different voltages of 10, 15, 20, 25, and 30 kV with three repetitions. Before each injection, the
column was rinsed thoroughly with BGE (FA 0.5%) for 5min with a pressure of 30 psi. The
samples were injected for 5 s with pressure of 5psi.

6.3 Results and discussion
6.3.1 Size analysis using dynamic light scattering
To study the migration behavior of molecules and particles with different sizes in CE, it is
important to know their estimated size. DLS, a well-established method, is used first to estimate
the size of the proteins and peptides used in this study. Table 6.1 shows the size of proteins obtained
by DLS, and the results are expressed in terms of Z_average which is the intensity weighted mean
hydrodynamic size of the ensemble collection of particles measured by DLS.

186

For the proteins

(BSA, IgG), the results are reproducible and the Z_average of 3.49 nm and 11.08 nm are obtained,
respectively. The sizes for angiotensin II and Tyr-Phe are not reported, because the results did not
have good enough quality to be accepted by the instrument. The sensitivity of DLS is higher for
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larger particles. The instrument does not give accurate results beyond its dynamic range.187 IgG
protein is shown to be bigger than BSA which agrees with their molecular weight.

Table 6. 1 Molecular size and polydispersity (PDI) of proteins and peptides measured by DLS

molecular weight (Da)

Z_average (nm)

PDI

BSA

66500

3.49

0.292

IgG (Goat)

150000

11.08

0.090

Angiotensin II

1046

NA

NA

Tyr-Phe

328

NA

NA

6.3.2 Dispersion of proteins and peptides in CE
To evaluate the effect of molecular size on the peak width in electropherograms, proteins and
peptides with different sizes are used for this study (two proteins and two peptides with a wide
range of size from 0.1 to 10 nm). Only a few nanoliters of sample were used for each analysis and
all the results were obtained within 20 min. No prior sample preparation is needed. Figure 6.1
shows temporal variance of the proteins and peptides under different electric fields which lead to
different migration times. IgG has the largest slope and BSA is the next, and then angiotensin II
and Tyr-Phe.
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Figure 6. 1 The linear relationship of temporal variance of IgG, BSA, angiotensin II, Tyr-Phe and their
migration time

The difference in temporal variance in terms of migration time is not a good indicative of
dispersion (spreading) of the analytes in the column since the temporal variance arises from the
difference in zone velocity 188. Therefore, the temporal variance is corrected for the velocity and
migration time and the results are represented in terms of spatial variance with units of cm2.
𝐿

𝜎𝐿 = 𝜎𝑡 × 𝑡

𝑚

(6-1)

where 𝜎𝐿 is the spatial variance, 𝜎𝑡 is temporal variance, L is the effective capillary length, and
𝑡𝑚 is the migration time of analytes in the capillary column.
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Figure 6. 2 Spatial variance of IgG, BSA, angiotensin II, and Tyr-Phe derived from electropherograms
obtained at different voltages

If all the factors (except diffusion) that contribute to the dispersion of the sample plug along the
capillary column are negligible, we can use Einstein equation to describe the peak broadening of
each particle.
𝜎 2 = 2𝐷𝑡

(6-2)

In our system, we assume dispersion due to injection length and detection length is insignificant.
We also used coolant during the separation and kept the temperature constant, therefore, the effect
of joule heating is minimized. We used positively charged coating to avoid interaction of protein
with the wall of capillary. Because we didn’t observe any tailing in the peaks, we assumed the wall
interaction is also minimized.
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As shown in Figure 6.2, the spatial variance increases as the diffusion coefficient decreases.
Therefore, dividing the peak variance of each peak by its migration time, does not give the
diffusion coefficient alone and there is another factor that is contributing to broadening of the peak
and that factor must be inversely related to the diffusion coefficient. For this reason, we name the
ratio of the spatial variance to the migration time, apparent diffusion coefficient or dispersion
coefficient.
𝐷𝐴 =

𝜎2
2𝑡

(6-3)

𝐷 𝐴 is the apparent diffusion (dispersion), 𝜎 2 is spatial variance, and t is migration time.

Figure 6. 3 Comparison of dispersion coefficient of (A) IgG, (B) BSA, (C) myoglobin, (D) cytochrome
C, (E) angiotensin, (F) Tyr-Phe at 20 kV
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This trend is contrary to the common belief that without surface adsorption from the capillary wall,
larger molecules should have sharper peaks, but in agreement with the observations in the majority
of real experiments.

6.3.3 Theoretical modeling of dispersion in capillary electrophoresis
Other groups have investigated the dispersion of solute due to EOF in a long straight column 182183

. These analyses used the same approach as the one developed by Taylor26 (Poiseuille flow in a

tube) and extended by Aris.118 According to the Taylor-Aris theory, after a sufficiently long time,
a small solute plug in a narrow open tube is dispersed axially under the combination of diffusion
and convection of the solute. For the dispersion of solute in the presence of EOF, the proposed
equation contains an apparent diffusion coefficient, DA, which is referred to as the dispersion
coefficient and is given by Eq (6-3).189

𝐷 𝐴 = 𝐷(1 + 𝛿𝐷𝑒𝑜 )

(6 − 4)

where DA is dispersion coefficient, D is diffusion coefficient, and δDeo is the additional dispersion
term caused by electroosmotic flow, and is referred to as electroosmotic flow dispersion (EOFD)
in this paper. For capillary electrophoresis, where the bulk flow is originated from electroosmotic
flow, 𝛿𝐷𝑒𝑜 is estimated to be: 189
𝜖𝜁𝐸

𝛿𝐷𝑒𝑜 = 𝐾(𝜂𝐷𝜅 )2 𝑔(𝜁)

(6 − 5)

where 𝜖 is solution dielectric permittivity, 𝜁 is the zeta potential, E is the magnitude of the electric
field, η is the solution viscosity, D is the diffusion coefficient of the particle, and 𝜅 −1 is the Debye
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length. The dimensionless factor, K, is defined by the cross-section shape and for circular cross
1

sections is equal to 2. 190 The g(𝜁) function depends on the zeta potential in the capillary column
and the type of the electrolyte. Eq (6-5) is an empirical interpolation function suggested by
Griffiths and Nilson for (Z+: Z-) electrolyte. 189
2592+24(𝜁𝑍)2

𝑔𝐺−𝑁 (𝜁) = 2592+96(𝜁𝑍)2 +(𝜁𝑍)4

(6-6)

where gG-N(𝜁) is the Griffiths and Nilson approximation for the function g(𝜁), Z is the charge on
the electrolytes, and 𝜁 is the zeta potential.
Assuming Z = 1 for the electrolyte (0.5% formic acid for BGE), Figure 6.4 is obtained. The zeta
potential is calculated to be 1 V in our system using the Helmholtz-Smoluchowski equation,182
therefore, for our system, g(𝜁) is estimated to be 1, as depicted in Figure 6. 4.

Figure 6. 4 Calculation of g(ζ) at various zeta potentials using empirical interpolation function suggested
by Griffiths and Nilson
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Eq (6-4) is simplified to Eq (6-6) assuming value of 1 for g(𝜁) and K=1/2 (for cylindrical
geometry).
1

𝜖𝜁𝐸 2

𝛿𝐷𝑒𝑜 = 2 (𝜂𝐷𝜅)

(6-7)

According to Eq (6-3), in CE, if 𝛿𝐷𝑒𝑜 is much smaller than 1, then 𝐷 𝐴 ≅ 𝐷 and the dispersion is
limited to diffusion only, but if 𝛿𝐷𝑒𝑜 is significantly larger than 1, then the dispersion is larger
than longitudinal diffusion coefficient. Figure 6. 5 shows how 𝛿Deo varies for different values of
diffusion coefficient and zeta potential for 3 different Debye layer lengths, 1, 5, and 10 nm,
respectively. At a Debye length of 1 nm, δDeo is not significantly larger than 1, but as the length
increases, δDeo becomes bigger.

A

Figure 6. 5 Effect of diffusion coefficient and zeta potential on dispersion term (δ𝐷𝑒𝑜 ) for different
Debye lengths.
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B

Figure 6. 6 Zoomed view of figure 6.5 for Debye length of 1nm

Figure 6.7 is plotted to better understand the dependence of 𝛿𝐷𝑒𝑜 on D at a specific zeta potential
(zeta=1V for our system). It shows that 𝛿𝐷𝑒𝑜 becomes bigger for smaller diffusion coefficients.
Therefore, it causes more dispersion for large particles with smaller diffusion coefficient. This
effect is more apparent when the Debye length is increased. Thus, using different BGE with
different ionic strengths, or operating at different temperatures can also result in significant
dispersion if the Debye length is significantly increased.
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Figure 6. 7 Significance of second term (δ𝐷𝑒𝑜 ) at various Debye lengths at zeta potential =1 V

To evaluate the magnitude of 𝛿𝐷𝑒𝑜 for our system, we found 𝜅 −1 to be 1.2 nm using the DebyeHuckel equation(Eq(6-7)).191
εk B T 1
𝜅 −1 = ( N 0 2 ) ⁄2
∑j=1 nj qj

(6 − 8)

In Eq (6-7), 𝜀 is the dielectric constant of buffer, ε0 is permittivity of vacuum, 𝑘𝐵 is Boltzmann
constant and 𝑛𝑗0 is the concentration and 𝑞𝑗 is the charge of each ion in the solution.
𝛿𝐷𝑒𝑜 for our system approximately follows the red curve in Figure 6.7. The value increases with
decreasing diffusion coefficient. For very large particles, D is close to 1.00 × 10−11 m2/s. 𝛿𝐷𝑒𝑜 is
nearly 4, and therefore 𝐷 𝐴 is 5 times bigger than the diffusion coefficient. Therefore, more
broadening is observed for large particles. However, for small particles where the diffusion
coefficient is close to 1.00 × 10−9, 𝛿𝐷𝑒𝑜 is almost zero and no extra term need to be added to the
variance of the peak.
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6.3.4 Comparing theory and experimental results
In the presence of EOF, the extra term δDeo or EOFD leads to the additional dispersion of analytes
in the sample plug and therefore more broadening of the peaks is observed. This term is more
significant for larger particles with smaller diffusion coefficients and thus EOFD is bigger for
proteins. This term depends on ionic strength of the buffer as well. For example, for buffers with
lower concentration and singly charged ions, EOFD is larger as opposed to buffers with higher
concentrations with multiple charged ions. The EOFD contribution to peak broadening of proteins
can be more significant if the buffer has lower ionic strength and larger Debye length.
By using sizes derived for IgG and BSA from DLS and the Einstein-Stokes equation
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, the

diffusion coefficient is 2 × 10−11 m2/s and 6× 10−11 m2/s, respectively, and therefore, according
to Eq (6-2), their 𝜎 2 ⁄2𝑡 ratio is about 0.3. However, Figure 6.3 shows that 𝜎 2 ⁄2𝑡 is bigger for IgG
than BSA. Using Eq (6-4), DA is 4× 10−11 m2/s and 6.6 × 10−11 m2/s, respectively, and according
to Eq (6-3), their 𝜎 2 ⁄2𝑡 ratio is about 0.6. Correcting for EOFD has not resolved the issue
completely but has made the ratio closer to the experimental value. For peptides such as
angiotensin and Tyr-Phe, EOFD is smaller because their diffusion coefficient is much larger than
proteins. Therefore, the axial diffusion becomes significant for these peptides, and Tyr-Phe with a
larger diffusion coefficient results in comparable temporal variance to angiotensin (Eq (6-4)).
In summary, EOFD is one of the factors that we believe is causing the extra broadening of peaks
for large molecule such as proteins, but it is not the only factor. There are some other factors that
are also contributing to the extra broadening, such as heterogeneity of the sample, and they must
be investigated thoroughly in the future.
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6.4 Conclusion
In this chapter, the source of band broadening for proteins in CE was investigated using commonly
used conditions in CE or in microfluidic separations. The experiments showed that proteins
experience bigger dispersion than peptides in the presence of EOF. Theoretical models were
developed to explain this observation, and it is shown that proteins lead to more band broadening
during analyte migration when Debye layer length is bigger. Even though larger molecules have a
smaller diffusion coefficient, the apparent dispersion can be more significant if the additional
dispersion term caused by EOF is significant which happens when the BGE and/or other conditions
used lead to a larger Debye length.
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Chapter 7: Concluding remarks and future work

7.1 Concluding remarks
TDA evaluates the diffusion coefficient and the hydrodynamic radius of a wide range of particles
and it has become more popular during the last few decades. In TDA, Poiseuille flow (driven by
pressure) is a non-discriminative mobilization of the analyte through the column. TDA must meet
two conditions to give accurate results on the diffusion coefficient and the hydrodynamic size.
TDA conditions assure the axial diffusion to be negligible in comparison to the dispersion, also
guarantee the time to be longer than the diffusion characteristics.
The materials presented in this thesis provide a different approach toward the study of Taylor
dispersion analysis by investigating the effect of electric field on the dispersion of particles. To be
able to use TDA for separation along with the sizing of particles, a combination of voltage and
pressure was applied and the results were compared with the results obtained from classical TDA.
It was concluded that the equations need to be modified when voltage is added to the system.
Electrophoretic mobility was added to Taylor equations and the modified equations were used to
explain the difference between the classical TDA results and the ones from TDA with pressure
and voltage.
Furthermore, the dispersion of large particles in the presence of the electroosmotic flow was
studied and it was used to explain the broader peaks for the large particles in capillary
electrophoresis when only voltage is applied. It is shown that EOF contributes to part of broadening
of protein in CE.
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Also, this thesis described a comprehensive study of TDA in terms of the column dimension, and
experimental conditions. Because capillaries are required for performing TDA, their dimensions
are important to achieve a successful analysis of diffusion coefficient and so the hydrodynamic
size. In chapter 3 of this thesis TDA has been studied numerically to investigate the effect of
capillary dimensions on the performance of TDA. It was concluded that for larger diameters,
smaller velocities must be used to obtain more precise results and for smaller diameters, using
larger velocities give more precise results. Theoretically, we can use columns with different
diameters for TDA when the velocity is optimized for that specific diameter. However, in
experiments, using larger diameters with slower bulk motion is time consuming and using smaller
diameter is often accompanied with clogging of the column. For this reason, columns with a
diameter of medium (e.g., 50 μm) are preferred for TDA. For the length of column, to meet TDA
conditions, higher velocities give better results when using longer columns and vice versa. The
combination of pressure and voltage was also studied numerically to separate particles while they
are being dispersed in the column. It was concluded that if we use the equations from classical
TDA to estimate the diffusion coefficient, then the voltage must be kept at minimum to obtain
more accurate results.
Finally, part of this thesis is devoted to comparing TDA to some other techniques used for size
characterization. TDA was conducted on proteins and peptides and amino acids and its application
was compared to more established sizing method (DLS) and a CE-based sizing method (stoppedmigration). DLS is shown to be more sensitive to the larger particles, whereas the stopped
migration method is more sensitive to smaller molecules. TDA could cover sizing of both large
and small molecules. Different sizing techniques where reviewed more in detail.
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7.2 Future work
7.2.1 Aggregation study of proteins
Proteins in their native state are folded into a three-dimensional conformation which make them
thermodynamically stable. The folding happens in a way that the hydrophobic portions of the
proteins bury themselves into the interior of the protein which leads to a hydrophilic exterior and
a hydrophobic interior. Any disruption occurring in the non-covalent interactions, the proteins may
become susceptible to unfolding or misfolding which leads to the aggregation of proteins.
Different stress conditions may cause the aggregation of proteins such as pH, temperature,
presence of additives in the solution. The aggregation of proteins is an important and critical
phenomenon that has been studied for a long time and different instrumentation have assisted with
these studies. When protein aggregates, size is an apparent change in the process. Since, TDA is
proved to be a sizing technique which covers wide range of sizes, it could be a good candidate for
analyzing the aggregation proteins.
We have started investigating the aggregation behavior of proteins using TDA. In this study, we
have heated the proteins below and above their melting temperature and then had it cooled down
rapidly. Then the untreated protein and the treated ones above and below their melting temperature
have been analyzed using TDA. BSA (5mg/ml) solution was heated to 76°C and 60°C in a water
bath for 30 min and cooled down to the room temperature. IgG (2mg/ml) solution was heated to
80°C and 50°C in a water bath for 30 min and the cooled down to the room temperature. As it is
shown in Figure 7.1 when BSA is treated at 60 °C the taylogram is similar to untreated BSA.
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However, when treated at 76 °C, the taylogram is broader even though it is migrating faster which
is indicative of larger size.
To better understand the aggregation of proteins and also applicability of using TDA for these
types of studies, a lot more work needs to be done. Other types of stresses such as pH and different
types of additives must be added to the system to confirm the formation of aggregates and their
detection using TDA. Also, the results should be studied with a more established technique such

AU

as DLS.

Figure 7. 1 Taylogram of BSA (5mg/mL) (A) untreated, (B) heated at 60°C and 76°C in a neutral coated
capillary with 1psi+10kV
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7.2.2 Further modification of equation for TDA with voltage
In Chapter 5, the equation for estimation of diffusion coefficient is modified when voltage is
applied with pressure in TDA. The modified equation explains the systematic error observed in
the comparison of dispersion of the particles when voltage is applied compared to classical
pressure driven TDA. The third term in the modified equation needs to be explored more
comprehensively to give the equation that can be used for modified TDA. Using the modified
equation for size characterization of particle as well as separating them at the same time will be an
invaluable tool for studying mixture with wide range of sizes.

7.2.3 Further study on EOF dispersion
In Chapter 6, EOF dispersion is shown to be one of the contributing factors to the band broadening
of the large particle. The magnitude of Debye length and zeta potential is a crucial parameter in
the significance of the EOF dispersion which can be controlled using buffers with different
concentration and pH. Also, the column coating affects the magnitude of zeta potential even if the
buffer composition is constant. These conditions were studied by simulating these conditions, and
confirming the simulated results via experiments could be a complementary for this study. More
investigation and better understanding of this phenomenon can help in optimizing the separation
in CE for large particles such as protiens.
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Appendices
Appendix A: Effect of capillary diameter on velocity profile

Figure A.1: Effect of capillary diameter on velocity profile at (A) p=80 Pa (B) v=7.8E-4 m/s

In chapter 3, three diameters are chosen for the capillary column: 25, 50, 100 μm. As mentioned
in this chapter velocity and pressure are interchangeable if capillary radius and viscosity is
constant. In Figure A.1 (A) pressure is kept constant and the velocity profile is plotted for
capillaries with different diameters. Comparing to Figure A.1 (B) where maximum velocity is
kept constant Figure A.1 (A) shows that the maximum velocity is dependent on the capillary
diameter when pressure is constant.
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Appendix B: Electropherogram of molecules with different sizes at
different voltages
In chapter 6, molecules are run at different voltages. Figure B.1 shows the electropherogram for
all voltages for the protein and peptides used in this study.

Tyr-Phe

AngioTensin
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BSA

IgG

Figure B.1: Electropherogram for Tyr-Phe, AngioTensin, BSA and IgG at different voltages.
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Figure B.2 shows the current intensity versus the voltage. As it is shown in the plot, there is no
deviation from linearity which is indicative of no joule heating. This eliminates the possibility of
band broadening due to joule heating in chapter 6.

Figure B.2: Electric current through buffer solution at different voltages.
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Appendix C: Calculation of zeta potential
In chapter 6 the zeta potential in reported to be 1 V. The below calculations show how this value
is calculated.

Calculation of zeta potential:
pKa (Phenol)= 9.8
Phenol is neutral in acidic pH, therefore we used it as EOF marker. We use HelmholtzSmoluchowski Equation to calculate zeta potential (𝜁)

μeo =
veo =
E=

veo
E

=

εζ
4πη

Leff
0.5m
=
= 2.49 × 10−3 m/s
t
3.35 ∗ 60 s

V
20000 volt
=
= 3.33 × 104 volt/m
Ltot
0.6 m

veo 2.49 × 10−3 m/s
μeo =
=
= 7.47 × 10−8 m2/V. s
E
3.33 × 104 V/m
𝜀 = 80 ∗ 8.85 × 10−12

𝐹
𝑚

η (25°C) =0.89× 10−3 Pa. s

μeo =

ζ=

εζ

80∗8.85×10−12 ×ζ

4πη

 7.47 × 10−8 = 4×3.14×1.0×10−3

7.47×10−8 ×4×3.14×0.89×10−3
80∗8.85×10−12

= 1.1 Volt
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Appendix D: Gaussian fitting of electropherogram
Figure D.1 shows how the electropherograms where fitted with Gaussian function and the
resulting migration time and temporal variance of the peak. BSA used as an example.

Pheno
l

BSA

Fit type: Gaussian
f(t) = Ae

−(t−t0 )2
2σ2

R2=0.9996
t=5.8598 s, σ2=0.0431
s

Figure D.1: Electropherogram and data fitting for BSA at 20 kV.
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