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Nomenclature and abbreviations

Nomenclature and abbreviations

A

Ay

a

C

Cm
Chottom
Ctop

D

d

G
91(qT)

g2 (g 1)

h

Background term

Effective area of the membrane

Area

Molar concentration

Concentration of the macromolecule
Concentration of solute in bottom cell chamber
Concentration of solute in top cell chamber
Molecular diffusion coefficient
Diameter of the capillary

Strength of gradient

Autocorrelation function

Second order autocorrelation function
Injection length in the capillary
Fluorescence intensity

Flux

Average mass flux

Rate constant

Boltzmann constant

Length of the capillary

Effective length of the membrane
Molar mass

Correction for the cross section of the rectangular injection




P(Y)

Re

IraB

T>

Nomenclature and abbreviations

Correction for the cross section of the rectangular injection

Number of particles

Normalized concentration distribution
Radius of the capillary

Radius of curvature of the path of the capillary
Hydrodynamic radius of the molecule
Coordinate in the radius direction

Sum of atomic radii of A and B molecules
Temperature

Spin relaxation time of the species

Time

Velocity of the carrier phase

Average velocity of laminar fallow in the tube
Volume of injection

Volume of the capillary

Width in the xy-plane of the confocal volume
Coordinates in the axial directions

Length of the confocal volume

Cell constant

Viscosity

Gyromagnetic ratio

Density

Dispersion coefficient

Scattering vector



Dn

Pe

Re

Sc

TRIS

CD

CMC

DLS

FCS

PBS

PGSE NMR

RF

SDS

TDA

Nomenclature and abbreviations

Wavelength

Angle at which scattered light is detected
Decay constant

Delay time

Duration of the pulse

Time separation between the pulsed-gradients
Kinematic viscosity

Dean number

Peclet number

Reynolds number

Schmidt number
2-Amino-2-hydroxymethyl-propane-1,3-diol
Circular dichroism

Critical micelle concentration

Dynamic light scattering

Fluorescence correlation spectroscopy
Phosphate buffered saline

Pulsed gradient spin echo nuclear magnetic resonance
Radiofrequency

Sodium dodecyl sulfate

Taylor dispersion analysis
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Abstract

Abstract

Diffusion is a phenomenon present in many natural and industrial processes. The
rate of diffusion is often a factor which limits the overall rate of chemical
processes. The quantity describing the diffusion rate is the diffusion coefficient,
required for an appropriate description of processes involving diffusion. Although
several methods are used to measure diffusion coefficients, selection of the most
suitable one is often a difficult task. Physicochemical properties of the sample, its
amount, the accuracy of measurement or the availability of appropriate
equipment can limit the applicability of the method. Therefore it is of great
importance to improve the existing solutions and methods.

The aim of the research presented in this thesis is to develop the Taylor dispersion
method for diffusion coefficient measurements. Increasing the accuracy of the
method and decreasing the measurement time involved are the main subject of my
study. In my work I have found a new equation describing the relation between
the diffusion coefficient of the analyte and its concentration distribution measured
as it flows through a coiled capillary.

Chapter 1 of this thesis introduces the reader to the diffusion theory and provides
an overview of the existing methods for determination of diffusion coefficients. In
Chapter 2, the theoretical fundamentals of the Taylor dispersion analysis and
discussion concerning flow through a coiled capillary are presented. Chapter 3
contains information on the chemicals, equipment, procedures and technical
details concerning the research presented. Chapter 4 includes experimental results
as well as their discussion. Finally, Chapter 5 presents the conclusions of the

investigation.
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Introduction

1. Introduction

1.1.Diffusion

If a drop of concentrated colored solution is added to water, it will spread out
gradually. After some time the solution will appear homogeneous and the process
which causes the movement of the colored solution is called diffusion. Molecular
diffusion occurs as a result of the thermal motion of the molecules. Diffusion can
be considered a natural mechanism of the homogenization of a substance, or a
mixing process. The diffusion rate depends on several factors such as solvent
viscosity, molecule size and temperature. Diffusion proceeds at the highest rate in
gases (about 5 cm/min), at a lower speed in liquids (about 0.05 cm/min), and at a
still lower rate in solids (about 0.00001 cm/min). Diffusion is of great importance
in many processes, because it often limits their overall rate.l

The first experimental study of diffusion was conducted by Thomas Graham
between 1828 and 1850.23 He performed important experiments in gases and
liquids. His studies showed that diffusion in gases is many times faster than in
liquids and that the diffusion rate slows down with time. In 1855, Adolf Fick
proposed a quantitative description of Graham’s experiments. He described the
diffusion process on the same mathematical basis as Fourier’s law of heat

conduction or Ohm'’s law of electrical conduction. He assumed that the flux of the

matter J; is proportional to the gradient of its concentration % multiplied by the

area across which diffusion occurs a and the proportionality factor D:*

ac,

J1=—aD ox

(1.1)

The factor D is the diffusion coefficient. The above equation is called the Fick’s first
law. The negative symbol of the Fick’s law denotes that flux is directed in the
opposite direction to the concentration gradient.

The Fick’s second law allows to predict how concentration changes with time

6 p (2G4 10205
at D dx2 T adx 0x (1.2)

In many practical cases the diffusion phenomenon is accompanied by convection

phenomenon. In fluid mechanics convection is a macroscopic flow of matter.
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Convective transport can be divided into two categories: forced and natural
convection. In forced convection the mechanism of this process is not connected
with heat and mass transport and arises from external sources such as a pump or a
blower. In natural convection the movement of fluid arises from differences in

pressures across the system. 57

1.2.Application of diffusion phenomenon

Diffusion phenomenon finds extensive applications in chemical engineering
problems, in petrochemical and pharmaceutical industry. Many processes such as
distillation, absorption, extraction, chromatographic and electrophoretic
separations or chemical reactions depend on the rate of diffusion.8-11 The
maximum rate constant in chemical reaction for two spherical molecules A and B

can be described by the Smoluchowski equation:12.13

k, = 4m(Dp + Dg)(rp + 1) = 4nD1y5 (1.3)

where Da and Dz are the diffusion constants, and ra and rg the radii of molecules A
and B respectively. Thus D is the relative translational diffusion coefficient and 7,5
is the sum of the atomic radii of the molecules A and B.

Knowledge of diffusion coefficients provides also information about molecular size
of particles. Relation between the diffusion coefficient and hydrodynamic radius of

the molecule has the following form:

kBT
- 6TNRY

(1.4)

where kg is the Boltzmann constant, T is the temperature and 1 is the viscosity of

the solution. This equation is called the Sutherland-Stokes-Einstein equation.14-16

1.3.Methods of measuring the diffusion coefficients

There are several methods for measuring the diffusion coefficients. Among them
the most popular are the diaphragm cell, dynamic light scattering, Taylor

dispersion analysis, fluorescence correlation spectroscopy and spin echo nuclear
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magnetic resonance. This chapter presents a short review of these methods. The
Taylor dispersion method is described in a separate chapter as it constitutes the

subject of this thesis.

1.3.1.Diaphragm Cell

The diaphragm cell is a relatively simple method of determining the diffusion
coefficient. Diaphragm cells are built of two chambers separated by a glass frit or

by a porous membrane.

—
N

Rotating
magnet ——————— =
for stirring
T —
Glass frit \ r'I'"ﬂIE"EﬂE
stirring bars

Figure 1.1. Scheme of a diaphragm cell.

These chambers are filled with solutions at different concentrations. After a
certain period of time samples from both chambers are taken to measure the
concentration differences.l7-19 The diffusion coefficient is calculated from the

following equation:

(Cbottom _CtOp)initial

D—iln

= 1.5
ﬁt (Cbottom_ctop) ( )

attimet

where: 3 is a cell constant, t is the time, and Cpottom and Ciop are the concentrations

of solute in bottom and top cell chamber respectively.
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The cell constant is determined by calibrating the cell using a substance of known

diffusion coefficient:20-22

A 1 1
p= TM( - ) (16)

Vtop Vbottom

where Aw is the effective area of the membrane, 1 is the effective length of the

membrane, and Viop and Vpottom are the volumes of the two cell chambers.

Benefits of diaphragm cell
v" The method is simple
v" The equipment is cheap (however, differences in concentrations have to be

measured using other methods)

Limitations and disadvantages of diaphragm cell
v' The measurement time is very long (about 48h)
v" The method requires large sample volume (several mL)

v" The method is occasionally unreliable (errors by an order of magnitude)

1.3.2.Dynamic Light Scattering

The next technique which allows to determine the diffusion coefficients is the
Dynamic Light Scattering (DLS).23-25 In this method a sample is illuminated by a
laser beam and the fluctuations of the scattered light at time are measured. These
fluctuations are the result of Brownian motion of molecules. The intensity of the
scattered light fluctuates rapidly for small molecules. To extract information from
these fluctuations, the autocorrelation function is calculated with the use of digital
correlator, which compares the intensity of scattered light at time t to the intensity
observed at time interval T and computes the second order autocorrelation

function g, (q,7):26-30

92(q,7) = (I (q,)I(q,t + 1)) (1.7)
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where q is a scattering vector given by:

4mn . 6
q = TSlnE (1.8)

here n is the refractive index of the dispersion medium, A is the incident laser
wavelength, and 0 is the angle at which scattered light is detected.

According to the Siegert equation, the second order autocorrelation function g2

(q,7) is related to the normalized autocorrelation function g1 (g,7):

92(q,7) = A+ Bg;(q,7) (1.9)

A is the background term; B is the factor that depends on light scattering setup.

>
=
Incident light Scattered light &
2
£
: >
Time
2
Incident light Scattered light 2
(o]
e S
. >
Time

Figure 1.2. Typical intensity fluctuations for large and small particles.

If the sample is monodisperse, then the autocorrelation function g: (q,7) decays

exponentially:29-30
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91(q,7) = exp(=I'7) (1.10)
where I' is a decay constant
The diffusion coefficient is linearly related to I':
I' = Dg* (1.11)
The values of parameters A and B can be determined using a fitting program which

searches for the best agreement between measured autocorrelation function and

the theoretical form given by Eq. 1.10.

LASER

9_..

SAMPLE

PHOTON
DETECTOR

CORRELATOR

Figure 1.3. Scheme of the dynamic light scattering setup.

Benefits of dynamic light scattering
v" The method allows scientists to determine the diffusion coefficient to
within 2% of accuracy
v' Itis possible to study both small and large molecules (up to 100 nm)

v’ Itis also possible to observe the aggregation of molecules
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Limitations of dynamic light scattering
v' Alarge volume of the sample is required (ca. 2 ml)
v A high concentration of the solute is required (concentration in the range of
10-5-10-3 M)

v" The sample solution must be transparent

\

The sample must not absorb the light of the wavelength used

v The refractive index of the studied compound and the solvent should be
different

v Resolution is low - if similar-sized molecules are present in the sample,

polydispersity cannot be precisely characterized

v' Expensive equipment

1.3.3.Fluorescence Correlation Spectroscopy

Another method used to measure diffusion coefficients is the Fluorescence
Correlation Spectroscopy (FCS).3132 [n this method the fluorescence intensity I(t)
emitted by molecules is measured. The basis of diffusion coefficient determination
in FCS is the analysis of fluorescence fluctuations caused by molecules entering
and leaving the observation volume (focal volume). The time which a molecule
spends inside the focal volume is related to its diffusion. Thus for molecules with a
large diffusion coefficient we observe faster fluctuations of fluorescence because
they frequently enter and leave the focal volume.33

From the time dependence of the fluorescence intensity the autocorrelation

function G(t) is calculated:

_ @I+ )
GO =" (1.12)

where (...) is the time average of the time series signals in the equation above.
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Time lag time T

Figure 1.4. The fluorescence intensity fluctuation for fast (a) and slowly (b)

moving molecules and examples of autocorrelation function.

To determine the diffusion coefficient, experimental data are fitted using
theoretical models.
The form of autocorrelation function for a particle of one kind with a diffusion

coefficient D and N particles in the focal volume is the following:34

-1 -1/2
1 4Dt 4Dt
g(’l’) =1+ ;(1 + ) (1 + Z—z) (1.13)

2
Wxy 0

where w,y is the width in the xy-plane and z, is the length of the measurement
volume (z-direction). The delay time, T, is always relative to a data point from an
earlier time so that only the time difference T is relevant.

This equation is often expressed in terms of diffusion time of the molecule in the

focus tp:

g(®) =1 +%(1 + %)_1 (1 +— )_1/2 (1.14)

y2tp
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2

_ Wiy

D= . (1.15)
_ %o

y = - (1.16)

To determine the diffusion coefficient, two parameters describing lateral and axial
extent of the confocal volume have to be known. These parameters are determined
by calibration experiment with a substance of known diffusion coefficient. This

calibration has to be performed every time before measurement.

Figure 1.5. The model of confocal volume. The molecules which diffuse into this

volume are excited by laser beam and emit fluorescence.

A typical FCS setup consists of a laser, an inverted microscope, a dichroic mirror,
optical units and a detector (an avalanche photodiode or a photomultiplier). The
exciting radiation provided by a laser beam is focused by an objective lens into the
sample. The molecules in the sample are excited and emit fluorescent light. The
light from the sample passes through the inverted microscope and dichroic mirror.
The dichroic mirror causes separation of the excitation light from the emitted
fluorescence light. Next, the fluorescence light passes through a pinhole, which
blocks any fluorescence light not originating from the focal region. Then the
intensity of the filtered light is measured by the detector. A schematic presentation

of a confocal microscope setup is shown in Figure 1.6.
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<8y Sample
Objective

Dichroic mirror

Emission filter
Lens

Lenses

=
/
w

_\/_ Pinhole
‘ Lens
Lens

Avalanche
photodiode

—
Computer

Figure 1.6. Schematic illustration of an FCS setup.

Benefits of fluorescence correlation spectroscopy

v

v
v
v

A small sample volume is required (about 200pl)

The concentration of the analyte can be very low (nanomolar)

The time of measurement is short (several minutes)

It can be applied to any fluorescently labeled molecules in solution, on

membranes and even inside living cells

Limitations and disadvantages of fluorescence correlation spectroscopy

v

<

The molecule of interest should be fluorescent at the applied wavelength or
multiple labeling techniques should be used

Calibration using suitable standards is necessary before measurements
There are problems with finding suitable standards which would allow
scientists to measure the standard and the investigated sample under the
same conditions

The method is sensitive to changes in confocal volume

The equipment is very expensive

The margin of error involved in the determination of the diffusion

coefficient can amount to several percent
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1.3.4.Spin Echo Nuclear Magnetic Resonance

Molecular diffusion can be measured by the pulsed gradient spin echo (PGSE) NMR
technique.3>41 In this technique two identical gradient pulses (equal in magnitude
and duration) are applied, one into each period t of the spin-echo sequence.

The idea of the diffusion measurements by PGSE NMR can be shortly described as
follows. In the beginning a homogenous sample is placed in a large magnetic field
to align the magnetic moments of the atomic nuclei. Then the net magnetization is
oriented along the z-axis and is parallel to the external field. Next a 90°
radiofrequency (RF) pulse is applied, which makes the magnetization rotate from
the z-axis to the x-y plane so that it now lies along the y axis. At the point t1 a pulse
gradient is applied and then the phase shift of each spin follows. Next, a 180°
radiofrequency pulse is applied along the y direction. This pulse results in
inversion of the sign of the processing and phase angle. The next step is
application of the second gradient at time t1+A.#1-4> If the spins do not change
positions during the experiment, they will recluster completely, forming a spin
echo. However, if the diffusion is present, the precession rates will change.
Consequently, not all spins refocus, and the echo signal is smaller. Therefore, the
larger diffusion the smaller echo signal is observed. The stronger and longer the
phase of the pulsed gradients or the longer time intervals between the pulsed

gradients, the smaller the echo intensity will be.4!

A

90" 180° echo
~(§}
A V
t, t,+A

Figure 1.7. PGSE NMR pulse sequence for the diffusion measurements.
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The signal intensity for a single free-diffusing component after time 2t is given

by:45
laee = logexp () exp(—12G28%(A = 8/3)D) = Iprpexp(-y?6262(a = 6/3)D)  (1.17)

where I, is the signal intensity immediately after 90° RF pulse, T2 is the spin-
spin relaxation time of the species, y is the gyromagnetic ratio, G is the strength of
the applied gradient, § is the duration of the pulse, A is the time separation
between the pulsed-gradients and D is the diffusion coefficient.

From this equation we get:4>

In (“—"‘)) = (=y%G%8%(A — §/3)D) = —bD (1.18)

1(21',0)

To determine the diffusion coefficients, a series of experiments should be
conducted, in which different values of the field gradient strength or the duration
of the pulse are applied, while the other parameters are kept constant. Next, the
In(I(27,6y/I(21,0)) should be plotted versus the b. From the slope of straight line we

obtain the value of the diffusion coefficient.

Benefits of pulsed gradient spin echo (PGSE) NMR
v’ Itis a completely non-invasive technique
v" The margin of error involved in the accuracy of determining diffusion

coefficients is around five percent

Limitations and disadvantages of pulsed gradient spin echo (PGSE) NMR
v’ Itis necessary to use deuterated solvents
v" The method is sensitive to the phase instability of the spectrometer
v" The method is sensitive to mismatching of the gradient pulse time integrals
v

The method is sensitive to vibrations of the sample
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1.4.Method selection

Selection of the appropriate method of measuring diffusion coefficients depends
on many factors such as concentration and volume of the sample, physicochemical
properties of the studied compounds, the time of measurement and the accuracy
etc. The choice of method is not subject to any hard and fast rule. Therefore,
method selection is often based on a comparison of the benefits and limitations of
each technique and on the knowledge of the researcher. This section briefly
describes the main factors which need to be taken into account when selecting the
method.

The first consideration is the concentration and volume of the sample. There are
situations in which only a small amount of the sample is available or solubility is
very low and more substance cannot be dissolved. In this case it is necessary to
apply a highly sensitive detection system (for example fluorescence detection).
The next important consideration is the range of the diffusion coefficients which
can be measured using a particular method. Another crucial condition during the
selection process is the complexity of the method as some of them require special
preparation of the sample and involve multiple stages. Sometimes an analysis of
experiment results is difficult, laborious and requires a very experienced
professional thus simplicity is clearly most desirable. Yet another important factor
is equipment availability and cost. Finally, the time constraints of the method often

need to be considered (especially with a large number of samples to test).



Literature review

2. Literature review

2.1.Fundamentals of the Taylor dispersion analysis

A. Griffiths in 1911 observed that if a drop of dye solution is inserted as a marker
in a stream of water flowing slowly through a capillary, the colored solution
spreads out symmetrically.#¢ In 1953 Sir Geoffrey Taylor proposed a mathematical
model4” describing the dispersion process observed by Griffiths. His theory found
its application in determining the diffusion coefficients in liquids and was named

the Taylor dispersion technique in his honor.

2.1.1. Theory of dispersive process

When a fluid is flowing with Poiseuille laminar flow through a circular capillary,
the velocity over the cross section has a parabolic profile (Fig. 2.1). The parabolic

velocity profile can be described as follows:
_ 2
U'(r) =0 (1 —2 (g) ) (2.1)

where U is the average flow velocity, r is the coordinate in the radius direction,
and R is the radius of the capillary. It means that molecules in the center of the

capillary move faster than molecules close to the walls.

Figure 2.1. Schematic presentation of the Poisseuille laminar flow.
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If we inject the compound of interest into the flow, we would expect concentration
distribution to be asymmetrical due to parabolic convection. However, the final
concentration distribution is symmetrical. Taylor explained this phenomenon as
an effect of action of convection and radial diffusion.4”48 After injection of the
solution into the carrier phase, the plug takes a parabolic shape due to Poisseuille
flow. Then radial diffusion starts to work due to the concentration gradient. The
molecules from the front part of sample diffuse from the center of the capillary to
the capillary walls and the molecules from the back part of sample diffuse from the
walls to the capillary center. Therefore after some time we obtain symmetrical

concentration distribution of the sample.

Pure diffusion

Pure convection

>

Diffusion-convection

Figure 2.2. Illustration of dispersion process by diffusion alone (a), convection

alone (b) and diffusion and convection (c).

Concentration

Time

Figure 2.3. Concentration profile of the analyte at different points in time during

its flow through a capillary.
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In case of flow through a capillary the convection-diffusion equation has the

following form:47.48:49,50

(%9 (2.2)

dx2

w20 (1)) =2 (o (r5) + 0

Due to the fact that carrier phase moves by Poiseuille laminar flow, Eq. 2.2 has two

boundary conditions in the radial direction:

ac _

E = O, r=R (23)
ac

E = O, r=20 (24)

The mixed zone is moving continuously; therefore we can consider a new axial

coordinate x’
x'=x-—Ut (2.5)

After substituting x = x + Ut into Eq. 2.2 we obtain:

e (1-20) )3 =2 (5 05) + 2 (5F) 26

In order to obtain an approximate analytical solution of Eq. 2.6 Taylor made the

following assumptions:
v' the axial diffusion is small compared with convection term:

U] (1 _2 (g)z)a—c > D (%) thus D (%) —0 2.7)

v’ the radial diffusion has enough time to eliminate anomalies in radial

concentration distribution due to convection, thus

% ~0 (2.8)

After taking into account these assumptions, Eq. 2.6 takes the following form:
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2(r¥)=2(1-2(2))r (29)

Integrating the above equation twice with respect to r results in:

U(r? r*\ ac
C(r)—B(:—ﬁ)ax,+elnr+ K (2.10)

where ¢ and k are constants of integration. Due to the boundary condition:

we assume that ¢ is 0, because otherwise C — oo which is physically impossible.

Then we obtain:

UR2 aC (12 r* rz ot
C(r)_ﬁﬁ(ﬁ_ﬁ)-"’c_‘p(ﬁ_ﬁ)-“c (2.11)
where
UR? oc
V= (212)

In the case of transport along a capillary, the average concentration over any radial
cross-section is more important than local concentration. We can express the

average concentration as follows:

= 1 R 2 rR
C=—J, C-2nrdr=—[ crdr (2.13)

C=p+x (2.14)

Elimination of k from Eq. 2.11 by substitutingx = C — él/) gives:
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(2.15)

The radial variations of concentration are small in relation to the axial ones;

therefore we can assume:

r— (2.16)
The average mass flux across any section moving with a mean speed of flow can be
expressed as:

J=—5J cu'-2mrdr (2.17)

After substituting Eq. 2.15 with Eq. 217 and taking into account approximation

2.16 we get:
- R20?%\ aC
J= _(48D)W (2.18)
Term:
R2U?
= oD (2.19)

in equation is called the dispersion coefficient and describes the axial spreading of
a solute in the capillary. According to results obtained by Taylor, the larger
velocity we use the greater will be the axial spreading due to convection.
Otherwise, the dispersion coefficient is inversely proportional to the molecular
diffusion coefficient. Thus rapid diffusion leads to small dispersion.

The conservation of mass is written as:
—= - (2.20)

After substituting Eq. 2.18 into Eq. 2.20 we get the equation for longitudinal

dispersion
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a_ _s2¢ (2.21)

Taylor’s considerations are based on the assumption that the axial molecular
diffusion can be neglected. Several years after Taylor’s publication, Aris showed

that the effect of axial diffusion on dispersion coefficient o is additive:51

R20?
48D

o=D+

(2.22)

He used the method of moments and calculated the total moments of

concentration C(x, 7, t) and the average concentration C(x, t) :

M, () = = [*7xmdx [ C(x,r, ) rdr n=012,.. (2.23)

RZ
Mo(t) = [*7 x"Cx, t)dx n=0,12,.. (2.24)

The functions M, (t) were obtained from Eq. 2.2 and functions M,(t) were

obtained from Eq. 2.19. The dispersive coefficient was determined by matching the

— 2
first three moments of M, (t) to M, (t) for times t > %. In practice, the second

term in the equation is much bigger than the axial diffusion and can be neglected.

The concentration distribution of the compound of interest at the end of the
capillary is the Gaussian function. The normalized distribution has the following

form:

P(t) =

1 (L—ut)?
Zmexp [_ 4ot ] (2.25)

where o is the dispersion coefficient [m? s-1], t is time [s], L is the capillary length
[m], and u is the average velocity [m s'1] (averaged over the cross section of the
capillary).

The concentration distribution given by Eq. 2.25 is transformed into the following

form (Eq. 2.26) due to finite injection volume of the sample:85253
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_ 1 Ah _ (L-ut+my)?
P(t) T 2m J2ot+m, €Xp [ 2(2at+ mz)]
(2.26)

where A is the amplitude, u is the velocity, sigma is the dispersion coefficient, h is
the injection length in the capillary given by h= LViyj Veap'l, where L is the capillary
length, Viy; is the volume of injection, Vcap is the volume of the capillary. Parameters
m1, my denote corrections for the cross section of the rectangular injection. They
are defined in the following way: mi= 1 (2h)-1 and m2 = 1 (12h?)-1. Consequently,
we get:

243 Ah 6(L—ut+ h/2)2

V21 V2aot+ h? €Xp (240t+ h2)
(2.27)

2.1.2. Conditions for the Taylor dispersion method
To obtain symmetrical concentration distribution from which we can extract
proper value of the diffusion coefficient, several conditions should be satisfied:

1. The flow of the carrier phase should be laminar, thus the Reynolds number

Re should be smaller than 2000
Re = ”f;—” < 2000 (2.28)

where p is the density of the carrier phase, d is the diameter of the
capillary, U is the velocity of the carrier phase, and 7 is the viscosity of the

carrier phase.

2. The ratio of the injection volume V;y; to the capillary volume V., should

be:54
Vinj
— < 0.01 (2.29)

Veap

This condition allows us to neglect the initial shape of the pulse, because

the sample has enough volume to disperse in.
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3. The axial diffusion should be negligible
UR
Pe=—>1/48 ~ 6.9 (2.30)

where Pe is the Peclet number.
4. The length UTRZ should be small compared with the length of capillary L in

which changes in C appear. Thus,

= Pe (2.31)

2.2.Comparison of straight and coiled capillaries

To fulfill the conditions described in the previous section, long capillaries (about
20 m) are customarily used. For practical reasons, it is beneficial to coil the
capillary. This solution has a few advantages: less space is occupied, better
temperature control is achieved, data communication line is shorter and the
capillary is less vulnerable. However, flow through a coiled capillary differs from
flow through a straight capillary as in a coiled capillary the secondary flow appears
in the cross section of the coiled capillary.5556 It is the effect of the force imbalance
between the centrifugal force and radial pressure fields. The secondary flow

increases lateral mixing and as a result reduces the longitudinal dispersion.

2.2.1. Secondary flow

During its flowing through a curved capillary with a radius of curvature R the fluid
particles moving with velocity U experience a centrifugal force equaling mU?2/R..
The radius of curvature of the particle paths is the greatest near the outer wall and
the smallest near the inner one. Moreover, due to viscosity, the particles in the
central axis move with a larger velocity than particles close to the walls. In
consequence, the strongest centrifugal force acts on the fluid in the central axis
and the weakest on the particles near the outer wall. A pressure gradient
generated to balance the centrifugal force results in the fluid near the center of the

capillary being swept towards the outer side of the bend and the fluid near the
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capillary wall returning towards the inside of the bend. As a result, two vortices
appear, due to which the fluid motion is not parallel to the axis of the capillary for
the whole length of the capillary. These vortices are called Dean vortices after the
British scientist, W.R. Dean, who first presented a systematic study of the

secondary flow in coiled capillaries. 5758 He found dimensionless quantity defined

De = Re\/RE (2.32)

where De is the Dean number, Re is the Reynolds number, R is the radius of the

as:

capillary, and R, is the radius of curvature of the path of the capillary.

Figure 2.4. The vortices generated due to the curve path of flow in a coiled

capillary (adapted from ref. 55).

Dean used a perturbation procedure to solve the Navier-Stokes equation for fully
developed laminar flow in a coiled capillary for small values of the Dean number.>?
He presented a series solution as a perturbation of the parabolic velocity profile in

a straight capillary. The series expansion is as follows:60

S2=1-G) + G RE) -G +56) -6 -56)]sme @39

where U* is the half of the maximum velocity which would be produced in a
straight capillary by pressure gradient applied along the curved capillary, and De*
is the Dean number calculated using U*. From this solution the picture of the
secondary flow streamlines can be obtained.

Dean’s publication was followed by many studies concerning secondary flow.

White (1929) showed that Dean’s theory is valid for different curvatures of the
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capillary. He also pointed out that velocities of the flow at which the flow ceases to
be steady and becomes turbulent are much higher for a coiled capillary than for a
straight one.®! This unexpected result was confirmed by Taylor.62 Thus the curving
of the capillary increases the stability of the flow and the transition from laminar
to turbulent flow appears at a higher Reynolds number than for a straight

capillary.

2.2.2. Dispersion in a curved capillary

The secondary flow mixes an analyte better in a capillary during the the Poisseule
flow. Consequently, the concentration distribution is more uniform and we
observe less dispersion in comparison to the dispersion in a straight capillary. This
effect was observed by Evans and Kenney (1965),%3 and by Caro (1966).64
Dispersion in a curved capillary attracted considerable attention of scientists due
to wide application of curved capillaries in many engineering devices. Moreover,
the human circulatory and respiratory systems are composed of many curved and
bifurcating vessels. Therefore impact of the secondary flow on longitudinal
dispersion was investigated by many researchers. Erdogan and Chatwin®> were
the first to apply Dean’s solution for the calculation of dispersion in a curved
capillary while Nunge, Lin and Gill®® used Topakoglu’s®’ velocity profiles for
calculation. Erdogan and Chatwin as well as Nunge, Lin and Gill relate the
dispersion coefficient with the ratio of the radius of the capillary to the radius of
curvature of the path of the capillary, with Reynolds number Re, and with Schmidt

number, which is defined as follows:

Sc = (2.34)

v
D

where v is the kinematic viscosity and D is the diffusion coefficient.

However, both solutions can be only used to predict the conditions under which
the Taylor equation is valid in a curved capillary. Janssen®® was the first to indicate
that the ratio of the effective dispersion coefficient in curved and straight tubes is a
function of the parameter De2Sc. This parameter expresses the ratio of the

convective and diffusive terms and is sometimes called the secondary flow Peclet
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number.®® Depending on the value of the parameter De2Sc, curvature has different
impact on the dispersion. For a small value of this parameter the centrifugal force
is too small to have an effect on the flow pattern. If the De2Sc is increased, the
secondary flow gradually develops and decreases dispersion. This result explains
different dispersion behaviors of gases and liquids at identical Dean numbers.
Johnson and Kamm?°? used Monte Carlo and numerical techniques for calculation
of dispersion in a curved capillary at low Dean number. They made simulations for
the parameter De2Sc ranging from 1 to 10°. Their theory predicted that:

B=5 (2.35)

oc

for De2Sc > 104, where ag is the dispersion coefficient in a straight capillary and o,
is the dispersion coefficient in a coiled capillary. In spite of the fact that the
agreement between numerical and experimental results is generally good, at high
values of parameter De2Sc a discrepancy appears (it does not reach the limit

suggested by the model).

De2Sc=2764 De2Sc =25 x 104

Figure 2.5. Dimensionless concentration profile of different values of parameter

De2Sc (figures from the publication by Johanson and Kamm?79).
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2.3.Challenges of determining the diffusion coefficient by the

Taylor dispersion analysis

Determination of the diffusion coefficient using the Taylor dispersion method
requires taking into account several technical issues. First of all, the capillary has
to be long enough to fulfill the conditions described in the previous chapters.
Another issue is the rate of flow of the carrier phase. Most investigators apply low
flow rates so that the value of De2Sc is small and the impact of the centrifugal force
on dispersion is negligible. For accurate measurements, velocity of the carrier
should decrease with decreasing value of the diffusion coefficient. However, this
significantly extends measurement time. Moreover, low flow rates are difficult to
obtain in standard equipment used for this type of measurement. Therefore,
diffusion coefficients determined using TDA for larger molecules may be
questionable as large margin experimental errors are involved.

The above considerations indicate that in TDA application of high flow rates of the
carrier phase would be most preferable. Therefore the aim of this thesis is to
examine the dispersion process in a coiled capillary at high flow rates of the

carrier phase.
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The experimental part
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3. Chemicals, equipment and procedures

3.1. Materials

Inorganic salts and buffers: potassium nitrate (KNO3) and ortho-phosphoric acid
(H3PO4) were from POCH (Gliwice, Poland). Alpha-tris-(hydroxymethyl)-
methylamine (Tris) and phosphate buffered saline (PBS) was purchased from
Sigma-Aldrich Chemie (Steinheim, Germany).

Peptides: Phe-Leu-Glu-Val, Val-Glu-Pro-Ile-Pro-Tyr, Tyr-Tyr-Tyr-Tyr-Tyr-Tyr, Val-
Tyr-Val, Z-Phe-Leu, ZGly-Phe, Phe-Gly-Gly, Ala-Phe, Tyr-lle-Gly-Ser-Arg, Gly-Leu-
Tyr, and Gly-Gly-Tyr-Arg were purchased from Sigma-Aldrich Chemie (Steinheim,

Germany).

Proteins: Ribonuclease A, apotransferrin, transferrin, lysozyme, beta-
lactoglobulin, and insulin were purchased from Sigma-Aldrich Chemie (Steinheim,

Germany).

Surfactants: sodium dodecyl sulfate (SDS) was purchased from Sigma-Aldrich

Chemie (Steinheim, Germany).

Bacteriophages: MS2, T4, A were obtained at the Department of Molecular
Biology at the University of Gdansk.

Drugs: warfarin, cefaclor, cefadroxil, diflunisal, etodolac, fenbufen, ibuprofen,
impramine and sulindac were purchased from Sigma-Aldrich Chemie (Steinheim,

Germany).

Potential drugs: 3b- and 3a-aminotropane derivatives were synthesized at the
Department of Drug Technology and Pharmaceutical Biotechnology at the Medical

University of Warsaw. The structures of these compounds are shown in Table 3.1.

DNA hairpin: (Atto 488)- CGC AAA AAA AAA GCG- (Atto 647N) and (Atto 488)-
CGC AAA AAA AAA GCG were purchased from FutureSynthesis Sp. z o.0.(Poland).
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Table 3.1. Structures of the studied potential drugs (3b- and 3a-aminotropane

derivatives).

Structure of the

Compound

substituent Ar or R
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3.2. Sample preparation

All samples were prepared by dissolving a weighed amount of the studied
compound in appropriate solvent, which was also used as a carrier phase. The
following solvents were used:

TRIS buffer (pH = 7.4) for peptides, drugs and 3b- and 3a-aminotropane
derivatives

PBS buffer (pH = 7.4) for proteins

TE buffer (pH = 8.0) for DNA hairpins

TRIS buffer with CsCl (4.5 M), MgS04 (10 mM) for bacteriophages

The mixtures were filtered through a filter with a nominal pore size of 0.22 pm to

remove the suspended particles of the size over 0.22 um.

3.3. Equipment

Experiments were conducted using equipment composed of:

v" pump model LC-20AD Shimadzu (Kyoto, Japan) which can deliver flow
rates from 0.0001 to 5 mL/min

v autosampler model SIL-20 AHT which makes it possible to introduce
sample injection volumes from 0.1 pl to 100 pl

v" PEEK (polyether ether ketone) capillaries with a 0.25 mm inner diameter
(length 5, 10, 15, 30 m), 0.18 mm inner diameter (length 20 m), or 0.5 mm
inner diameter (length 50 m) (Applied Research Europe GmbH, Germany)

v column oven model CTO-20AC which controls temperature range from 4 to
85°C (temperature control precision 0.1°C)

v' UV-vis detector SPD-20A Shimadzu equipped with a flow cell of 10 mm
path length and volume of 12 pl.

v" PC computer using LC solution, version 1.25.

v degassing unit DGU-20A3R which removes gas bubbles from the carrier
phase

v' thermostat UTE-14 which keeps the temperature of the carrier phase

constant
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Fig. 3.1. Equipment which was used for Taylor dispersion experiments comprised
1- pump; 2 - degasser unit; 3 - autosampler; 4 - capillary; 5 - oven; 6 - UV-vis

detector; 7 - computer

3.4. Determination of capillary radius

The average capillary radius was determined experimentally by measuring the
time of filling a dry capillary with the carrier phase of known density. The obtained

values of the radius of capillaries are presented in Table 3.2.

Table 3.2. The radiuses of capillaries determined experimentally.

50 30 20 15 10 5

0.260 0.130 0.095 0.130 0.131 0.129

3.5. Experimental and calculation procedures

A small amount of liquid sample was injected into a carrier phase moving through
a long, thin, coiled capillary. The narrow zone of the injected sample was dispersed
in a capillary. Dispersion was the effect of action of convection and diffusion. The
final concentration distribution of the studied compound was measured as
absorbance in a function of time. The absorbance was measured at constant

wavelength in the 12pl flow cell using UV-vis detector. The data were collected at
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0.5s time step. Equation 2.27 and least square method were used to fit the data.
The amplitude (A), the dispersion coefficient (o), and the velocity (U) were the
fitting parameters. The fitting procedure was carried out using the Microsoft Excel
Office 2010 solver. In Figure 3.2. an example of fitting (Eq. 2.27) to the

experimental data is shown.

0.07

Experiment
Fi

it ——

0.06

0.05

0.04

0.03

Absorbance

0.02

0.01

0 - L L I L L =
60 70 80 90 100 110 120 130 140

Time [s]
Figure 3.2. An example of concentration distribution obtained for L-phenylalanine
using a 30 m long capillary at flow velocity U = 31.5 cm/s and fit (Eq. 2.27) to the

experimental data (red line).

4. Results and discussion

Section 4.1. of this chapter presents measurements which were performed to
validate the experimental method. In the next section, 4.2.,, a new approach to
dispersion process in a coiled capillary is shown. Section 4.3. contains the results
of diffusion coefficient measurements for various compounds and an attempt to
determine the diffusion coefficient of bacteriophages. The final section 4.4.
presents an application of the Taylor dispersion method for studying the

denaturation process of proteins.

4.1. Validation of the experimental solutions

Many factors described in the literature part have to be considered in order to
apply the Taylor dispersion method. Conditions 2.28, 2.30 and 2.31 were fulfilled
by properly choosing of the dimensions of the capillary (a 30 m long capillary with
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an inner diameter of 0.026 mm). Other factors which have an impact on these

conditions are discussed in this section.
4.1.1. Flow rate

One of the most important parameters which we can control and change is the
flow rate. In the experiments the flow rates in the range from 0.01 ml/min to 1
ml/min were used. This corresponds to linear velocity U in the range from 0.0032
m/s to 0.32 m/s for the inner diameter of the capillary 0.026 mm. Calculation of
the Reynolds number allows to check whether the flow is laminar. In our case, for
all velocities we used the flow was laminar. The values of the Reynolds numbers

for selected velocities are shown in Table 4.1.

Table 4.1. The velocities and Reynolds numbers for the capillary dimension
selected for the measurements reveal the laminar nature of the flow.

Turbulent flows are expected for Re > 2000.

0.01 0.05 0.1 0.2 0.4 0.6 0.8 1

0.0032 | 0.0158 | 0.0315 | 0.0630 | 0.1260 | 0.1890 | 0.2520 | 0.3151

0918 | 4.588 | 9.177 | 18.35 | 36.71 | 55.06 | 73.41 | 91.77

Flow velocity also has an impact on the secondary flow in a coiled capillary.
According to literature, the parameter Dn2Sc (Eqs 2.32 and 2.34) should be smaller
than 20 to eliminate coiling effect.® This criterion was checked experimentally by
performing tests for the substance with a known diffusion coefficient (L-
phenylalanine) at different velocities. Figure 4.1. shows dependence of the
dispersion coefficient on the square of velocity. The experimental data are
represented as solid red symbols. The values of dispersion coefficients calculated

using the Taylor equation (Eq. 2.19) are also shown (black symbols).
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Figure 4.1. Dependence of the dispersion coefficient on the square of flow velocity

determined for L-phenylalanine.

The results indicate that for U > 0.0158 m/s the impact of secondary flow on
dispersion process becomes significant. This value of velocity corresponds to
Dn2Sc = 43, which differs slightly from the value reported in the literature (Dn2Sc =
20). The values of parameter Dn2Sc calculated for L-phenylalanine at other flow

velocities are presented in Table 4.2.

Table 4.2. Values of parameter Dn2Sc for L-phenylalanine at different velocities.

U [m/s] 0.0032 | 0.0158 | 0.0315 | 0.0630 | 0.1260 0.1890 0.2520 0.3151

Dn2Sc 1.72 43.01 | 172.04 | 688.16 | 2752.63 | 6193.42 | 11010.53 | 17203.95

The value of the diffusion coefficient for L-phenylalanine obtained at U = 0.0158
m/s is 7.01 x 10-1° m?/s and is in a good agreement with the literature data
obtained using a different method (7.10 x 10-10 m?/s).71 Application of such a low
flow velocity causes elongation of the measurement time to even a few hours.
Furthermore, the smaller is the diffusion coefficient, the lower flow velocity should
be used to make the impact of the secondary flow negligible. In some cases it is
impossible to use suitably low flow velocity due to technical limitations. Moreover,
at low flow velocity the sample is much less dissolved by flow in comparison to
higher flow velocities. Owing to this, in some cases (if the sample is too
concentrated) we can observe dependence of the diffusion coefficient on

concentration. In our case, despite the reduction in flow velocity, the error of
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determination of the diffusion coefficient for proteins was 30-70 percent
depending on the studied protein. For example the diffusion coefficient of
lysozyme determined at U= 0.0032 m/s was 1.47 x 10-¢ m?/s while the value given
by literature was 1.1 x 10-¢ m?/s. Similarly for apotransferrin, the experimental
diffusion coefficient was 9.77 x 107 m2/s while in literature the diffusion
coefficient was 5.7 x 107 m2/s. Thus it is possible to determine the diffusion
coefficients for small molecules accurately at low flow velocity, but for large

molecules the error is quite significant.

4.1.2. Injection volume

Numerical simulation made by Evans et al. (1965)>* showed that the volume of the
sample injected into the capillary should be much smaller in comparison to the
volume of the capillary (Vinj/Veap < 0.01). Due to this, the initial shape of the
injected sample can be eliminated. Moreover, the sample has enough volume to
disperse in the capillary (the signal is recorded when the concentration
distribution is fully expanded).

In Figure 4.2. I show the dependence of the dispersion coefficient on the square of
the velocity for different volumes of the injected sample (1pl, 5 pl, 10 pl, 50 pl and
100 ul). The measurements were carried out at different velocities of the carrier
phase for L-phenylalanine. Figure 4.2. shows that the dispersion coefficients
determined by injection of 1, 5 and 10 pl of sample have similar values at all
studied flow velocities. Deviations in dispersion coefficients were observed in the
case of injection of 50 and 100 pl of sample. It is connected with fact that condition

2.29 is not fulfilled for these injection volumes (see Table 4.3.).
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Figure 4.2. Comparison of relation of the dispersion coefficient to the square of

the velocity for different injection volumes.

Table 4.3. Ratio of the injection volume to the capillary volume calculated for the
applied injection volumes. Condition 2.29 is satisfied only for 1, 5 and 10 pl of
samples. The volume of the capillary is 1.596 ml. The injection volumes 50 and 100

ul could be used only for capillaries of much larger volumes.

Vinj [l,ll] Vinj / Vcap

1 0.001
5 0.003
10 0.006
50 0.031
100 0.063

4.1.3. Capillary length

Appropriate length of the capillary is essential for accurate measurements. Using a
too short capillary results in the fact that the axial diffusion is not negligible and
the ratio of the capillary volume to the injection volume is too large. In spite of this,

the measurements using 15 m, 10 m and 5 m long capillaries were conducted to
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analyze the changes of parameters affecting the dispersion coefficient. Different
lengths of tubes were tested using L-phenylalanine as the injected substance for a
wide range of flow velocities (0.0032-0.3151 m/s). The concentration
distributions had the Gaussian shape for all capillary lengths. The dispersion
coefficients were determined according to the procedure described earlier (see
Section 3.5). The dispersion coefficient as a function of the flow velocity for
various capillary lengths is presented in Figure 4.3. Although all data points form a
Gaussian distribution, the location of the peak is not correct. With the decreasing
lengths of the tube, the fitting velocity was incompatible with the value set on the
pump (Table 4.4). It is probably connected with insufficient time necessary to
obtain full mixing of the analyte (in the case of capillaries shorter than 30 m). In

spite of this fact, random elimination of error occurs.
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Figure 4.3. Dependence of the dispersion coefficient on the square of the velocity

for different lengths of the capillary.
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Table 4.4. Fitting flow velocity for measurement using different lengths of
capillaries.

Set value of Capillary length [m]

flow

velocity
Flow velocity determined from fitting [m/s]

[m/s]

0.0159 0.0155 0.0150 0.0138
0.0315 0.0321 0.0308 0.0295 0.0273
0.1575 0.1574 0.1521 0.1457 0.1320
0.3151 0.3110 0.2985 0.2825 0.2534

As presented in Table 4.4, for a 30 m long capillary the fitting velocity of flow is in
agreement with the value set on the pump. For the capillary of length L = 15 m at
high velocities we obtained deviations from a correct value. The deviations grew

with the decrease in the length of the capillaries.

4.2. Analyzing dispersion process in a coiled capillary at high

flow rates

The vortices which are generated at high flow rates in a coiled capillary make it
impossible to use the Taylor equation (Eq. 2.19) for calculation of the diffusion
coefficient (see Figure 4.1). The presence of vortices additionally mixes the analyte
perpendicularly to the Poisseuille flow. As a consequence the analyte
concentration distribution is narrower in comparison to the distribution in a
straight capillary. A theoretical prediction made by Johanson and Kamm?7? shows
that the width of the concentration distribution in a coiled capillary is reduced 5
times in comparison to the width of the concentration distribution for the same
flow velocity but in a straight capillary. This section describes the experiments
which disprove this prediction. A new solution for the dispersion process in a

coiled capillary at high flow rates is presented.
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4.2.1. A new solution for dispersion process in a coiled capillary at

high flow rates
To check the Johanson and Kamm theory?? the experiments for reference
substances at high flow rates in a coiled capillary were performed. A 30 m long
capillary with an inner radius of 0.13 mm and a coiling radius of 8 cm was chosen
for measurements. As reference substances I used compounds of known diffusion
coefficients: L-phenylalanine, warfarin, and apotransferrin (see Table 4.5.). The

measurements were performed for a wide range of flow velocities (0.0158-0.315
m/s)

Table 4.5. Diffusion coefficients for three reference substances from literature

data (Dref) .

Solute Drefx 10-1° (m?s1)
L-phenylalanine 7.10 (ref 71)
Warfarin 4.90 (ref 72)
Apotransferrin 0.57 (ref 73)*

* value of the diffusion coefficient was calculated as described in Ref. 73 from the Stokes-

Sutherland-Einstein equation.

The values of dispersion coefficients for these substances in a coiled capillary were
determined according to the procedure described in Chapter 3. All concentration
distributions had the Gaussian shape. Next, the theoretical dispersion coefficient
(os), which would appear if the capillary was straight, was calculated on the basis
of the Taylor equation (2.19). The literature values of diffusion coefficients were
taken for calculation. The parameter Dn2Sc was calculated using Eqs 2.32 and 2.34
(for calculation of the Schmidt number I used the literature value of D). The
density and viscosity of the carrier phase were the same as for water: p = 997.044
kg/m3, p = 0.89 x 10-3 Pa s at 25 °C. Next, the ratio of the experimental dispersion
coefficient (oc) in a coiled capillary to the theoretical dispersion coefficient (os) in
a straight capillary was plotted as a function of the parameter Dn2Sc (see Figure

4.4.).
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Figure 4.4. Dependence of the ratio of the dispersion coefficients in a straight

capillary (os) and in a curved capillary (oc) on the parameter Dn2Sc, for three

substances of known diffusion coefficient. Measurements were carried out using a

30 m long capillary with an inner radius of 0.13 mm and a coiling radius of 8 cm.

As predicted by Johanson and Kamm, the data fall onto a single curve, but the ratio

of the dispersion coefficients in a straight capillary (os) and in a curved capillary

(oc) does not approach a constant value for Dn2Sc > 10%. In our case these data are

well described by a logarithmic relation:

% = Aln(Dn?Sc) + B

Oc

where A =0.87 £ 0.02 and B =-3.8 £ 0.2. A and B are two fitted parameters.

Solution of this equation for an unknown D is:

1 u? r?

48

D=-

B
. q__Llrpe A
oc.A-Lambert W< 1, 192 Rp GCA>

The Lambert W function can be replaced with its asymptotic expansion:74

L,(—2+4Ly)

LambertW(—l,x)zW(x):Ll_LZ_Fﬁ_'_ *lo)
Ly 212

where L1 = In(-x) and Lz =In (-In (-x))

(4.1)

(4.2)

(4.3)
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The impact of errors in various parameters on the sensitivity of equation 4.2. was
tested. It was found that it is mainly the parameters A and B that influence the
accuracy of measurements. The maximum errors calculated using differential

analysis were in the range of 5-9%.”

4.2.2. Test of the equation

To check whether equation 4.2. works correctly for other substances, the
dispersion coefficients in a coiled capillary at the velocity U=31 cm/s were
determined for ribonuclease, lysozyme, and potassium nitrate. This equation was
subsequently applied for calculation of diffusion coefficients. A very good

agreement with literature data was obtained (see Table 4.6.).

Table 4.6. The diffusion coefficients calculated from equation 4.2. (Dexp) and

literature data (Dref). The error bars were calculated using differential analysis.*

Solute Dexpx 1010 (m2s-1) Drefx 1010 (m2s-1) Rh (nm)
Lysozyme 1.26+0.08 1.17 (ref 75) 1.95
Ribonuclease A 1.21+0.08 1.21 (ref 76) 2.03
Potassium nitrate 17£2.00 11.7-19.3 (ref 77) 0.15

The reference diffusivities Dref were collected from the literature.

Additionally, the dispersion coefficients for these compounds at different velocities
were determined. Then the os, Dn, and Sc were calculated using formulas 2.32 and
2.34. These calculations used the previously determined value of the diffusion
coefficient (Dexp). Next, the ratio of the experimental dispersion coefficient (oc) in a
coiled capillary to the theoretical dispersion coefficient (os) in a straight capillary,
as a function of Dn2Sc was plotted for these substances. In Figure 4.5. the data
points for ribonuclease, lysozyme, and potassium nitrate are presented. This figure
shows that the data points for these substances also fall onto the same curve.

These results prove that equation 4.2. is correct.

* Differential analysis was made by dr Anna Ochab-Marcinek as a part of publication [78]
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Figure 4.5. Dependence of the ratio of the dispersion coefficients in a straight
capillary (os) and in a curved capillary (o¢) on the product of the Dean number
squared and the Schmidt number for reference substances and for ribonuclease,

lysozyme and potassium nitrate used as test compounds.

Afterward relation 4.1. was checked for different dimensions of the capillary and
different flow velocities using reference substances: L-phenylalanine, warfarin and
apotransferrin. The impact of the length and radius of the capillary and the radius
of the capillary coiling were studied for the following combinations of capillary

dimensions:

v" Length of the capillary L = 20 m, radius of the capillary R = 0.095mm, radius

of the capillary coiling r = 15 cm

v Length of the capillary L = 20 m, radius of the capillary R = 0.095 mm,
radius of the capillary coiling r = 8 cm
v Length of the capillary L = 30 m, radius of the capillary R = 0.013 mm,

radius of the capillary coiling r = 8 cm
v Length of the capillary L = 50 m, radius of the capillary R = 0.26 mm, radius

of the capillary coiling r = 8 cm

The ratio of the experimental dispersion coefficient (oc) in a coiled capillary to
the theoretical dispersion coefficient (os) in a straight capillary, as a function of

Dn2Sc was determined according to the procedure described earlier. The same
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dependence was obtained for all the combinations of capillary dimensions
(Figure 4.6.). These results indicate that equations 4.1. and 4.2. are correct for
the range of the parameters studied in this investigation. This means that

additional calibration is not necessary.
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Figure 4.6. The dispersion coefficient in a straight capillary (os) and in a curved
capillary (oc) divided by the ones as a function of the product of the Dean number

squared and the Schmidt number for different capillaries.

4.3. Application of a modified Taylor dispersion analysis for

measurement of diffusion coefficients

In this section the results of diffusion coefficient measurements for peptides,
drugs, potential drugs and DNA hairpins are presented. Additionally, an attempt to
determine the diffusion coefficient of a few bacteriophages is shown. A 30 m long
capillary with the inner radius of 0.13 mm and the coiling radius of 8 cm was used
for measurements. Dispersion coefficient was determined according to the
procedure described in Chapter 3. Subsequently, equation 4.2. presented in the

previous section was applied for calculations.
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4.3.1. Peptides

Peptides are compounds consisting of two or more amino acids linked by amide
bonds. They have multiple applications in medicine and biotechnology as they play
an important role in regulation of numerous physiological processes. They control
and coordinate inter and intra-cellular communications and many of them play
roles of hormones, cofactors, activators, stimulators or enzyme inhibitors. Their
high selectivity, efficient activity, and low toxicity make them a focus of intensive
studies on potential drugs.7°-81

The results of diffusion coefficient measurements for 11 peptides using TDA are
presented in Table 4.7. Additionally, the hydrodynamic radii for these substances
were calculated using measured values of diffusion coefficients and the

Stokes—Sutherland-Einstein equation.

Table 4.7. Values of the diffusion coefficients and hydrodynamic radii of peptides.

Substance M [g/mol]  Dexpx 10-1° (m2s-1) SD x10-13 (m2s'l) Rpx10-10 (m)
Ala-Phe 236.27 5.48 9.8 4.50
Phe-Gly-Gly 279.29 5.06 3.0 4.84
Gly-Leu-Tyr 351.4 4.48 3.3 5.45
Z-Gly-Phe* 356.37 4.58 29 5.34
Val-Tyr-Val 379.45 4.15 3.0 5.90
Z-Phe-Leu* 412.48 3.59 28 6.81
Gly-Gly-Tyr-Arg 451.48 3.96 2.3 6.18
Tyr-Ile-Gly-Ser-Arg 594.66 3.47 1.6 7.90
Phe-Leu-Glu-Glu-Val 635.71 3.22 3.2 7.59
Val-Gly-Pro-Ile-Tyr 716.82 3.04 2.2 8.04
Tyr-Tyr-Tyr-Tyr-Tyr- 997.05 1.68 44 14.6

* Z- carboxybenzyl group
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4.3.2. Drugs and potential drugs

Knowledge of diffusion coefficients of drugs is essential to understanding the
processes in which these drugs take part.”182 There is a limited number of data
concerning diffusivity of drugs in the literature. Therefore this thesis presents the
experimentally determined diffusion coefficients for 10 well known drugs and for
20 potential drugs with potential antipsychotic activity. These potential drugs are
3b- and 3a-aminotropane derivatives synthesized in the Department of Drug
Technology and Pharmaceutical Biotechnology at the Medical University of
Warsaw. They are ligands of 5-HT1A, 5-HT2A and D2 receptors and were obtained

in the search for a new generation of antipsychotic drugs.

Table 4.8. Diffusion coefficients for drugs determined using the modified Taylor

dispersion method.

Compound ‘ Dexp X 10-19(m2s-1) SD x 10-12 (m2s1)
Cefaclor 3.74 8.4
Cefadroxil 2.98 1.2
Desvenlafaxine 394 1.9
hydrochloride
Diflunisal 5.27 4.1
Etodolac 4.06 4.7
Fenbufen 4.61 2.9
Ibuprofen 4.56 3.8
Sulindac 3.94 6.6
Tramadol 499 91
hydrochloride
Venlafaxine 376 15
hydrochloride
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Table 4.9. Diffusion coefficients for 3b- and 3a-aminotropane derivatives (of
potential antipsychotic activity) determined using modified Taylor dispersion
method.

D x 10-10 SD x 10-12

(mzs?)  (ms)

Compound
No.

Compound
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4.3.3. DNA hairpins

DNA hairpins are the structural elements of single-stranded DNA, which appear
when two regions of the same strand of DNA containing the complementary bases
in a correct sequence to those that appear earlier in the strand form a double helix.
They play a key role in DNA recombination, DNA replication and regulation of gene
transcription.83-86 DNA hairpins are not static, but fluctuate between close and

open state. Kinetics of DNA hairpins was studied using i.a. NMR®788 and

fluorescence correlation spectroscopy FCS.89-91
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Figure 4.7. Schematic illustration of a DNA hairpin

In this section I present the results of determining the diffusion coefficient of two

DNA hairpins with the following sequences:

1. (Atto 488)- CGC AAA AAA AAA GCG
2. (Atto 488)- CGC AAA AAA AAA GCG- (Atto 647N)

These DNA hairpins were synthetic. The first DNA hairpin was labeled with Atto
488 dye and the second was labeled with two dyes, Atto 488 and Atto 647. These
DNA hairpins were dissolved in TE buffer (10 mM Tris/HCl, 1mM EDTA), which
was also used as a carrier phase. The measurements were performed at flow rates
of the carrier phase being in the range of 0.4-1 ml/min. The absorbance was

measured at 260 nm.

Table 4.10. Comparison of the diffusion coefficients determined for both DNA

hairpins at different flow rates. The diffusion coefficient slowly increases with the

growing flow rate.

Diffusion Diffusion
Flow velocity coefficient of DNA SD x 10-12 coefficient of DNA SD x 10-12
(m/s) hairpin (1) (m2s1) hairpin (2) (m2s1)
x 10-10 (m2s1) x 10-10 (m2s1)
0.315 1.05 1.2 1.06 1.3
0.252 1.02 1.0 1.05 1.2
0.189 1.10 1.1 1.13 1.2

0.126 1.20 1.2 1.23 1.3
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The obtained values of diffusion coefficients for both DNA hairpins at the same
flow rate are very close to each other (see Table 4.10). However, slight
dependence of diffusion coefficient on the flow velocity is observed for both DNA
hairpins. The diffusion coefficient increases with decreasing flow velocity. This
effect is probably related to fluctuations of the hairpins between the open and
closed state. At lower flow velocities the hairpins have more time to create

hydrogen bonds. This topic requires additional tests applying different methods.

4.3.4. Bacteriophages

Bacteriophages are viruses that infect specific bacteria. They destroy bacteria by
multiplying within their cells and breaking them down. Bacteriophages consist of
the following elements:
v" nucleic acid (it can be either DNA or RNA but not both)
v’ aprotein coat (capsid) which plays the role of a protective coverage of the
nucleic acid
Many bacteriophages have additional elements:
v'atail which is a tube through which the nucleic acid passes when the
bacteria is infected
v abase plate and tail fibers which are elements helping the phage to attach

to the bacterial cell
Head

/

Collar

Tail fibers

Helical sheath

Tail pins Hexagonal baseplate

Figure 4.8. A typical structure of a tailed bacteriophage.



Results and discussion

In this section I present a study of diffusivity for three bacteriophages: MS2,
Lambda and T4, using Taylor dispersion method. These phages differ in structure

and size.

Bacteriophage MS2

The MS2 belongs to Leviviridae family. It infects the bacterium Escherichia coli and
other members of the Enterobacteriaceae. This phage is of small size (diameter =
28 nm) and has a simple structure. It consists of a single stranded RNA genome

and an icosahedral capsid.??

Bacteriophage lambda
Bacteriophage A (Siphoviridae family) is composed of a double-stranded linear
DNA, an icosahedral head with a diameter of 60 nm and a tail 150 nm long. It may

also contain tail fibers. The tail’s external diameter is 9-18 nanometers.%3

Bacteriophage T4

Bacteriophage T4 is a representative of the Myoviridae family. Like other viruses of
this group it is characterized by double-stranded DNA genome, an extended
icosahedral shrink head and a tail connected to the baseplate with long tail fibers.
It is one of the largest phages, approximately 200 nm long and 80-100 nm wide

including the capsid.®*

Description of the experiments

The bacteriophages were prepared at the Department of Molecular Biology at the
University of Gdansk. The bacteriophages were kept in 10 mM Tris-HCl at pH 7. 4,
4.5 M CsCl, 10 mM MgSO4. Two different batches of bacteriophages were tested:
the first contained bacteriophages prepared three weeks earlier and the second
one was prepared 2 days before the experiment. The absorbance was measured at
260 nm for all samples and the injection volume was 10 ul in all cases. The results

for the first batch are presented in Figures 4.9, 4.10. and 4.11.
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Figure 4.10. Concentration distribution obtained for MS2 bacteriophage from the

first batch.
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Figure 4.11. Concentration distribution obtained for T4 bacteriophage from the

first batch.

The shapes of the concentration distribution obtained for all examined
bacteriophages from the first batch are non-Gaussian and the presence of
additional peaks is clearly visible. The results indicate presence of additional
components in the samples. It is probably connected with degradation of
bacteriophages or with initiation of DNA injection. The sample had most likely
degraded during storage.

Therefore, the second batch was studied, freshly prepared two days before the
measurements. Figures 4.12, 4.13. and 4.14 present the concentration
distributions for the bacteriophages from the second batch. The obtained
distribution curves for bacteriophages A and MS2 are more symmetrical than the
ones for the same bacteriophages from the first batch. Nevertheless, these
distributions were not repetitive in subsequent injections and diffusion
coefficients determined from these distributions differed significantly. The
concentration distribution for bacteriophage T4 was, as previously, non-
symmetrical.

These results confirmed that samples were not stable. Thus it was not possible to

determine the correct value of diffusion coefficient in this case.
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Figure 4.12. Concentration distribution obtained for A bacteriophage from the

second, freshly prepared batch.
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Figure 4.13. Concentration distribution obtained for MS2 bacteriophage from the

second, freshly prepared batch.
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Figure 4.14. Concentration distribution obtained for T4 bacteriophage from the

second, freshly prepared batch.

4.4. Study of denaturation process of proteins by surfactants

4.4.1. Introduction

Proteins are large biological macromolecules that are built from amino acids
covalently bonded by peptide bonds. They can be composed of one or more
polypeptide chains. The function of proteins depends on their structure, which can
be described at four levels of complexity. The primary structure refers to the linear
sequence of amino acids in a protein chain. The secondary structure describes
areas of folding or coiling of the chain. The proteins can create two types of the
secondary structure: the a-helix and the [-sheet. The tertiary structure is
connected with three-dimensional shape of protein. It is held by the following
types of interaction between side chain groups of amino acids: hydrogen bonding,
ionic interactions of the positively and negatively charged groups, hydrophobic
interactions, disulfide bridges and van der Waals forces. The quaternary structure
concerns proteins which contain more than one polypeptide chain and describes

the organization of protein subunits.9596
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Figure 4.15. Different levels of protein structure (adapted from ref. 97).

Some changes in environment, such as addition of certain compounds,®®° or
increase in temperature,100.101 may cause protein denaturation i.e. alteration of the
protein shape (generally unfolding). After denaturation most of proteins lose their
biological functions. Moreover, a partially unfolded form of protein is often the
precursor of aggregation of proteins. It leads to formation of a fibrous structure.
Some fibrous structures, the so-called amyloid fibrils, are closely related to
pathological changes in functioning of the organism.102103

One of the classes of compounds which can induce the unfolding of proteins are
surfactants.104111 These compounds are composed of both hydrophilic and
hydrophobic groups. Surfactants are often classified with regard to the electrical
charge of the hydrophilic part in water solution. According to this criterion they
can be divided into four groups: anionic, cationic, amphoteric (where the
molecules contain both positive and negative charges) and non-ionic.112
Surfactants exist as solubilized monomers below concentration known as the
critical micelle concentration (CMC). Above this concentration surfactant
molecules aggregate and form so-called micelles, which coexist with the
monomeric form of the surfactant. Increasing surfactant concentration above CMC
causes formation of micelles while the concentration of the monomers remains

nearly the same as at CMC (Figure 4.17.).111
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Figure 4.16. Schematic illustration of micelle formation.
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Figure 4.17. Schematic illustration of concentrations of monomer and micellar
forms of surfactant. Micelles appear at the critical micelle concentration (CMC) and
from this point concentration of micelles increases while concentration of

monomers does not change and is equal to the CMC.

One of the parameters which can be used to characterize a micelle is the
aggregation number. This number describes the number of monomers in a micelle.
Typically micelles contain between 20 and 100 monomers!13 and may have

different shapes, i.e. spheres, rods or lamellae, depending on the surfactant
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concentration. For example, for SDS the aggregation number is 55 at the
concentration 20 mM and 64 at 50 mM.114 At these concentrations the micelles
have ellipsoidal shape, but above 50 mM micelles undergo a transformation to a
“rodlike” shape.11> Three types of forces are responsible for micelle formation: the
hydrophobic repulsion between a hydrocarbon chain and water, the charge
repulsion of the ionic part of the surfactant, and van der Waals attraction between
the hydrophobic chains of the surfactant. Therefore, addition of electrolytes has an
impact on micelle formation. The CMC decreases as the ionic strength increases.111
The reason for such a strong effect of electrolyte additive is the reduction of
electrostatic repulsion between the ionic headgroups.

The critical micelle concentration is essential for the understanding of the
mechanism of interaction between surfactants and proteins (some proteins are
denatured by surfactant monomers while others are denatured by micelles).
Protein-surfactant interactions are often described by binding isotherms (Figure
4.18). The binding isotherm shows dependence of the average number of
surfactant molecules bound per protein molecule (V) on the logarithm of the free
surfactant concentration. The isotherm of binding can be divided into four
characteristic regions with increasing surfactant concentration. These regions
correspond to different types of interactions. The first region (at the lowest
surfactant concentration) is connected with a specific binding, which is
predominantly electrostatic. In this region monomers of the surfactant bind to the
oppositely charged groups on the protein. The second region is characterized by
gradual binding of the surfactant molecules (non-cooperative interactions). Then
the binding isotherm shows a dramatic increase in binding number because of
cooperative interactions. Cooperative binding means that the binding affinity
increases as more surfactant is bound. Next, saturation is observed: it means that
all available binding sites are saturated with SDS and that normal micelle

formation occurs as excess surfactant is added.116
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Figure 4.18. Schematic illustration of a binding isotherm.
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4.4.2. Study of denaturation of proteins by surfactant using the

Taylor dispersion method

Denaturation of transferrin, -lactoglobulin and insulin by sodium dodecyl sulfate
(SDS) was studied using the Taylor dispersion method. A series of measurements
were performed at constant protein concentration and varying SDS
concentrations. The concentration for transferrin was 1.9 x 10> M, for -
lactoglobulin was 7.6 x 10-> M, and for insulin was 1.2 x 10-* M. The concentration
of SDS varied from 1.2 x 104 M to 8.7 x 10-2 M. Structural changes of the proteins
were analyzed based on the diffusion coefficients of the complexes, which were
formed at different surfactant concentrations. All experiments were conducted in
PBS buffer (pH 7.4) at 25°C.

Figures 4.19, 4.20 and 4.21 show the diffusion coefficient of the protein-SDS
complexes plotted as a function of the total surfactant concentration for the
systems of transferrin-SDS, [B-lactoglobulin-SDS and insulin-SDS respectively.
These dependencies display two different regions (for all proteins) which may be
compared with the cooperative binding region and saturation plateau region of the
binding isotherm, while specific binding and non-cooperative binding regions are
not visible due to too low sensitivity of the diffusion coefficient determination.
This means that detectable increase of the diffusion coefficient is not observed.

The critical surfactant concentration at which denaturation process starts was
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determined based on the changes of the diffusion coefficient. Denaturation
increases the size of a protein and consequently its diffusion coefficient decreases.
The minimum concentration which induced structural changes was 4.3 x 10+ M

for transferrin and -lactoglobulin and 2.3 x 10-# M for insulin.
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Figure 4.19. Dependence of the diffusion coefficient of transferrin on the

surfactant concentration for transferrin-SDS system.
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4.4.3. Circular dichroism measurements

The results obtained using the Taylor dispersion method were verified using
circular dichroism (CD). Circular dichroism is a great tool for determining the
tertiary structure of proteins. The CD spectrum of a protein in the 260-320 nm
range provides information about aromatic amino acids. These amino acids give
signals at characteristic wavelengths: phenylalanine in the region between 250-
270 nm, tyrosine between 275 and 282 nm and tryptophan between 290-305 nm.
In our studies CD was applied to study changes in the tertiary structure of
transferrin, $-lactoglobulin and insulin under the influence of addition of sodium
dodecyl sulfate (SDS).

The CD spectra for transferrin, -lactoglobulin and insulin in PBS buffer with
different amounts of SDS (0.016-25 mg/ml) were recorded using a Jasco J-815
spectropolarimeter in the 250-340 nm range. Measurements were performed at
25 °C. The solutions were measured in a quartz cell with the path length of 1 cm.
The instrument was calibrated with buffer solution. All spectra were obtained
using a scanning speed of 50 nm min-1, a step size of 0.1, a bandwidth of 1 nm, a

response time of 1 s, and an accumulation of 5 scans. The CD measurements were
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performed in the cooperation with dr Marcin Goérecki (Institute of Organic

Chemistry PAS).

Analysis of structural changes in proteins

The CD spectra of transferrin, (3-lactoglobulin, and insulin in buffer solution with
different amount of sodium dodecyl sulfate (SDS) were shown in Figures 2.42,
2.43, and 2.44, respectively. The concentration of proteins was constant and for
transferrin was 1.9 x 105 M, for B-lactoglobulin was 7.6 x 10-> M, for insulin was
1.2 x 104 M. It was observed that when SDS is added to proteins, the ellipticity at
256 and 292 nm decreases with increasing the SDS concentration in the range of
2.1-6.9 x 10-* M. When the concentration of SDS in solution reached 4.3 x 10-3 M for
transferrin, the maximums and minimums in the spectrum disappeared. The
observed change means that the tertiary structure of transferrin was destroyed.
For B-lactoglobulin and insulin, addition of SDS at concentration 8.7 x 10-3 M lead
to full destruction of the tertiary structure of these proteins.

The minimum concentration which induced structural changes was determined
for all studied proteins. It was 4.3 x 10-4 M for transferrin and (-lactoglobulin and
2.3 x 104 M for insulin. The same minimum concentrations were determined using
the Taylor dispersion method (see section 4.4.2). This is an evidence that the

Taylor dispersion method works correctly.
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Figure 4.22. CD spectrum for transferrin in buffered solutions of sodium dodecyl

sulfate (SDS).
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Figure 4.23. CD spectrum for (-lactoglobulin in buffered solutions of sodium

dodecyl sulfate (SDS).
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4.4.4. Dynamic light scattering measurements

Dynamic light scattering was also applied to validate the Taylor dispersion method
for studying protein denaturation. Structural changes of proteins, induced by
addition of a surfactant, were analyzed based on the changes of the diffusion
coefficient (as in TDA).

The measurements were performed using a Brookhaven BI-200SM goniometer
equipped with Contin software. A stable argon ion laser with a wavelength of 514
nm was chosen for measurements. The intensity of scattered light was measured
at several angles ranging from 30° to 150°. The diffusion coefficients were
calculated as an average of the results determined at different scattering angles.
The measurements were performed at 25°C. The samples were prepared in the
same way as for TDA measurements. The SDS was dissolved in the PBS buffer, and
then a small amount of this solution was used to prepare the protein-SDS buffer
solution. Two types of sample were analyzed, one containing protein dissolved
only in buffer solution, and the other one containing both protein and SDS
dissolved in buffer. The concentration of SDS in these samples was 8.7 x 10-2 M.
This concentration is much higher than critical micelle concentration (CMC) for
SDS in PBS buffer; therefore we were sure that there were free micelles in solution.
Owing to the fact that the intensity of autocorrelation functions were low (below
50%) for all studied systems, heterodyning effect could have significant impact on
this function. Therefore we applied algorithm presented by Geissler which allowed

us to remove a constant, uncorrelated signal from autocorrelation function.117

Analysis of structural changes in proteins

Figures 4.25, 4.26, and 4.27 show autocorrelation functions for the studied
systems. For transferrin, experimental data were fitted using double exponential
function. The concentration distributions showed two peaks for this system. One
of them (at longer relaxation time) represents the relaxation of the transferrin-SDS
complex and the other corresponds to the relaxation of the free SDS micelles. The
diffusion coefficient changed from 4.54 x 10-11 m?2/s for transferrin in buffer to
1.93 x 1011 m?/s for transferrin-SDS complex. For B-lactoglobulin-SDS system

autocorrelation function was fitted using double exponential function (similar to
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transferrin-SDS system). The diffusion coefficient changed from 6.98 x 10-11 m2/s
for B-lactoglobulin in buffer to 4.20 x 10-11 m?2/s for -lactoglobulin-SDS complex.
However, the concentration distribution for insulin-SDS system showed only one
peak in spite of the fact that in the solution there were two species: insulin-SDS
complexes and free SDS micelles. It means that the relaxation times of these two
species have similar values, indiscernible by DLS. In this case, it is impossible to

determine the diffusion coefficients for them.
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Figure 4.25. Autocorrelation function for transferrin-SDS system (the
concentration of transferrin was 1.9 x 10-> M and concentration of SDS was 8.7 x

10-2 M) together with the exponential fit.
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Figure 4.26. Autocorrelation function for [-lactoglobulin-SDS system (the
concentration of $-lactoglobulin was 7.6 x 10-> M and concentration of SDS was 8.7

x 10-2 M) together with the exponential fit.
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Figure 4.27. Autocorrelation function for human insulin-SDS system (the
concentration of human insulin was 1.2 x 104 M and concentration of SDS was 8.7

x 10-2 M) together with the exponential fit.
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Table 4.11. presents a comparison of diffusion coefficients determined using TDA
and DLS for transferrin and 3-lactoglobulin in PBS buffer and after adding SDS. The
results obtained with both TDA and DLS show that the diffusion coefficient
decreased approximately twice for the studied proteins after addition of SDS
solution. It is another evidence that the Taylor dispersion method can be
successfully applied to study protein denaturation.

However, the diffusion coefficient of $-lactoglobulin determined using DLS before
addition of surfactant is lower than that obtained using TDA. The root of the
problem is probably the presence of trace amounts of partially denaturated
proteins in the sample. DLS is extremely sensitive to the presence of other objects

of a similar size to the studied compounds (even at very low concentrations).

Table 4.11. Comparison of diffusion coefficients determined using TDA and DLS

for transferrin and B-lactoglobulin in PBS buffer and after addition of SDS.

D(TDPA)+SDx D(DLS)+SDx D (TDA)+SDx D (DLS)+SDx

1011 (m2s1) 1011 (m2s1) 1011 (m2s1) 1011 (m2s)

Without addition of SDS After structural transition

Transferrin 4.37+0.01 4.54+0.06 2.16+0.08 1.93%0.06

B-lactoglobulin 8.14+0.01 6.98+0.05 4.29+0.01 4.20+0.22
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5. Conclusions

Improvement of existing methods and solutions is an important element of
technological progress in both industry and science. New approaches often
eliminate or reduce certain technical restraints which held back progress in the
past.

The main purpose of this study was to develop the Taylor dispersion method and
create a simple, accurate and fast method for determining the diffusion coefficient.
To achieve this goal, a detailed analysis of the dispersion process in a coiled
capillary was performed. As a result, a scaling equation for the diffusion coefficient
in a coiled capillary was determined. In a further part of this thesis, application of a
modified Taylor dispersion method was presented. It was shown that this method
can be used for determining the diffusion coefficient of peptides, proteins, drugs
and DNA hairpins as well as being beneficial in the study of the denaturation of
proteins by surfactants. Below I presented a summary, main conclusions and

results contained in this thesis.

Section 4.1.

First of all, I analyzed the influence of different parameters such as velocity of the
carrier phase, injection volume and capillary length on the quality of description of
the experimental data. The most important conclusions from these studies were as
follows:

e The vortices appear at flow velocity of the carrier phase higher than 0.016
m/s for a 30 m capillary with a diameter of 0.26 mm (for Dn2Sc > 43)

e The length of the capillary is vital in the accuracy of measurement. It was
observed that for a 15 m capillary and shorter the peak appears earlier - the
earlier the shorter the capillary length - in comparison to the time which
was expected from the flow velocity set on the pump

e The study of the impact of injection volume on the dispersion coefficient
showed that the injection volume has to fulfill the condition 2.29.

These studies allowed us to select optimum parameter values (a 30 m long
capillary with an inner diameter of 0.26 mm and 10 pl of injected sample was

selected for further measurements).
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Section 4.2.

Next I performed experiments for reference substances at different flow velocities.
It allowed me to determine the dependence of the ratio of the dispersion
coefficient in a coiled capillary to the dispersion coefficient in a straight capillary
on the product of the Dean number squared and the Schmidt number. The data
was described by the relation 4.1. After that, equation 4.1. was solved for an
unknown diffusion coefficient and as a result scaling equation 4.2. was obtained.
Then the scaling equation was tested for different compounds, lengths, diameters,
and curvatures of the capillary. The main conclusions of this part are as follows:

e The ratio of the dispersion coefficient in a coiled capillary to the dispersion
coefficient in a straight capillary is a function of the parameter Dn2Sc and is
described by logarithmic relation 4.1.

e Additional studies for different lengths, diameters, and curvatures of the
capillary showed that relation 4.1. is correct and is satisfied for all the
tested capillaries.

e An unknown diffusion coefficient is determined from scaling equation (Eq.

4.2) supplemented by the experimental value of the dispersion coefficient.

Section 4.3.

The next part of this thesis concerned applying a modified Taylor dispersion
method for determining the diffusion coefficients of compounds from different
classes. Based on the results of this study I concluded that:

e The modified Taylor dispersion method can be successfully applied for
studying the diffusion coefficients of both small (drugs) and large molecules
(proteins).

e The Taylor dispersion method can be applied for studying the diffusion
coefficients of bacteriophages but on condition that additional purification

of the sample is applied.

Section 4.4.
In the last part of the experimental results, denaturation of proteins by surfactant
using the Taylor dispersion method was shown. Conclusions from these studies

are as follows:
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e The dependence of the diffusion coefficient on surfactant concentration for
all studied systems was observed. The changes in diffusion coefficient with
increasing surfactant concentration indicated a gradual unfolding of
proteins under the influence of the surfactant.

e (ircular dichroism measurements were in accordance with the results
obtained by the Taylor dispersion method. Determined minimum
concentration which induces denaturation of proteins is the same as the
one obtained using TDA.

e The size of the proteins at the highest surfactant concentration obtained by
using the Taylor dispersion method is close to the size obtained using
dynamic light scattering.

e The Taylor dispersion method can be used as a fast method for studying the

denaturation of proteins.

To conclude, the development of the Taylor dispersion method made the method
easy, fast, accurate and precise. It is a method complementary to such existing
techniques as dynamic light scattering, diaphragm cell, fluorescence correlation
spectroscopy and nuclear magnetic resonance. This method requires smaller
volumes of samples and concentrations than diaphragm cell or dynamic light
scattering and in addition is more precise and accurate than diaphragm cell or
fluorescence correlation spectroscopy. In fact, TDA can be used for calibrating the
fluorescence correlation spectrometer. This method is also very fast:
determination of diffusion coefficient takes less than three minutes. Interpretation
of the results is easier than in the case of other methods, and the low cost of the
equipment is a big advantage. Chromatographic equipment in which a
chromatographic column is replaced by a polymer capillary can be used for this

type of measurements.
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