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Alzheimer's disease (AD) is a progressive, neurodegenerative disease
characterized by memory and cognitive loss, the formation of senile plaguesiogntai
amyloid-beta (&) peptides, degeneration of the cholinergic neurons and the development
of neurofibrillary tangles in the brains of the affected pebjfiés estimate that 5.1
million people in the United States are suffering from AD. The total annuatoste
associated with AD is more than $ 148 billion and is constantly incréa8iregently,
there is no specific clinical test to diagnose AD, however, amyloid beta peptiddau
proteins have been shown to be reliable biomarkers that can be used for AD diagnosis
and tracking disease progressidhis important therefore that proper methods and
techniques be devised for the identification, quantification and analysis of AD kiEnmar
to enable the reliable clinical diagnosis of the disease.

In this study, modified gold nanoparticles were used as a pseudo stationary phase
in a capillary electrochromatography technique. An asymmetric dissijickbesized
from mercaptoundecanoic acid and dodecanethiol was chemisorbed onto 10 nm gold
nanoparticles to form the pseudo stationary phase. With the help of the gold nanopatrticle
pseudo stationary phase, the separation of two Alzheimer’s disease biomankelss na
amyloid beta 40 and amyloid beta 42 was accomplished. This study demonstrates that the
presence of modified gold nanoparticles in capillary electrochromatogcaphgreatly

influence the separation of amyloid beta peptides.
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CHAPTER |

INTRODUCTION

Statement of problem

Scientists estimate that 5.1 million people in the United States are syfiemm
Alzheimer’s disease (AD). The total annual care cost associated with AbDre than $
148 billion and is constantly increast@resently, there is no specific clinical test to
diagnose AD, however, amyloid beta(fpeptides and tau proteins have been shown to
be reliable biomarkers that can be used for AD diagnosis and tracking disease
progression.Our goal was to utilize a capillary electrochromatography techniuglie a

nanobiotechnology to achieve multi analyte analysis of AD biomarkers.

Objective 1

The first objective was the development of modified 10 nm gold nanoparticles as
a pseudo stationary phase to be used in capillary electrochromatography for the
separation of Alzheimer’s disease biomarkers.

Asymmetric disulfides were synthesized and covalently linked to gold
nanoparticles to form self assembled mixed monolayers capable of ditiflyenti
interacting with Alzheimer’s disease biomarkers. Figure 1 shows aiswdibld

nanoparticle.



Figure 1. Modified gold nanopatrticle

KEY
‘..r'f Yellow = Gold nanoparticle
Light blue = Sulfur atoms
| Brown = Carbon chain from dodecannethiol
.".\ Orange = Carbon chain from mercaptoundecanpic
Objective 2

Our second objective was optimizing the separation of Alzheimer’s disease
biomarkers using modified gold nanoparticles as a capillary electroetiography

pseudo stationary phase.

Hypothesis
The presence of gold nanoparticles that are covalently modified with an
asymmetric disulfide in a capillary electrophoresis separation buffiesilioiv the

separation of amyloid beta peptides that are Alzheimer’s disease biosnarke



CHAPTER II

REVIEW OF THE LITERATURE

Alzheimer’s disease

Alzheimer's disease (AD) is a progressive, neurodegenerative disease
characterized by memory and cognitive loss, the formation of extracskuliée plaques
(SP) containing amyloid - beta fApeptides, degeneration of the cholinergic neurons
and the development of neurofibrillary tangles (NFT) composed of hyperphosphibrylate
forms of thetau protein in the braihThese symptoms of AD are different from those
observed in normal aging process. AD is increasingly becoming common in the aging
population. It was estimated that in 2006, the global prevalence of AD was 26aBmilli
With the increasing life expectancy and rise of an aging population, this fegur
expected to quadruple by the year 2050, at which time it is estimated that 1 in 83 people
in the world will be living with the disease. The Alzheimer’s Associatiommegés that
5.1 million people in the United States suffer from AD. The total annual cares @yar
$ 148 billion. If the current trends are not changed, this emergence of Alzheimer’s

disease will lead to a high negative social and economic infpact.



The two major things that can be done to reverse this trend apeopie at high
risk of AD need to be identified before the earliest symptoms become evident and ii)
methods need to be developed that either reduce or slow the accumulation of AD
neuropathology. Better diagnostic tools that will speed the diagnosisltwifer’s
disease, formulation of medications or preventive measures are theesdesfn

Alzheimer’s disease is the most common type of dementia among the elderly
population, with an average prevalence level of 1% at the age of 60, rising to 35% by the
age of 90. Aging is clearly a major risk factor in the development of AD.

According to the U.S. Department of Health and Human Services 2005-2006
progress report on Alzheimer’s disease, there is no single specifeattest that can
diagnose AD, instead, many other causes of dementia must be ruled out first before
clinical diagnosis of AD is made. For this kind of diagnosis, a detailed patgtotyhis
obtained thorough physical examination and cognitive assessments. Neuroimaging
techniques have also been used to provide extra information to help in diagnosis, these
include: - Computerized Tomography (CT), Magnetic Resonance ImaginB,(§iRgle
Photon Emission Computerized Tomography (SPECT) and Positron Emission
Tomography (PET).Definitive diagnosis of AD requires confirmation of the diagnosis
by brain biopsy or autopsyhich shows the tangles and senile plaques that are a

hallmark of AD®

Although there has not been a proven available treatment that can reverse the

neurodegenerative process, several disease modifying candidates are cogtbriongsl|



put though clinical trials. Tl action of these drug candidated@sed on the strength

several theories that have been advanced to explaicause of Al°

Theories adanced to explain the cause of A

(i) The amyloid beta hypothe

This hypothesis proposes that the excessive pytiecleavage of the Amyloi
Precursor Protein (APBY beta secretase and gamma secretase produces lyédal:
peptides. Beta secretase cleaves APP & terminal domain while gamma secret.
cleaves APP at C terminal domi whichresults in many different peptic some of
which haved40 or 42 amino acidhence the terms Amyloid beta 4031-40) and
Amyloid beta 42 (81-42) respectivel’®

Many other proteases ¢ peptidases have been shawrtleave APP, some
which performthe cleavage at multiple sites. These include Negomy Plasminlnsulin
Degrading Enzymegndothelin Converting Enzyr, Angiotensin Converting Enzyr
among others. Figurel#&low show arrows indicatinghe possible cleavage sites

APP.

Figure 2. Cleavage sites of amyloid precursor proie
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INITIAL PROTEASE

N Neprylisin

P Plasmin

I Insulin Degrading Enzyme

E Endothelin Converting Enzyme

A Angiotensin Converting Enzyme

AB-42 is however considered the major source of senile plaques and vascular
deposits in the brains of AD patients. It is thought thapAptides aggregate and form
fibrils in the brain that lead to inflammations and neuronal loss, which is eventually
associated with the progressive neurodegenerative nature df AD.

The levels of £1-40 and A1-42 are thought to be important indicators of
Alzheimer’s disease and are widely accepted as reliable biomaok&B f Studies by
Mayux et al.revealed that high baseline levels of these two peptides were a risk factor fo
the development of dementia. Their concentrations were particularly higher ie peopl
with abnormalities of processing APP due to a mutation, which can be tied to the earl

onset of familial AD*!

(i) Phosphorylated tau and total tau hypothesis
Abundant quantities of fhave however been found in individuals that are

cognitively sound, this observation led to the hypothesis that neurofibrillagiesan



formed by hyperphosphorylated tau could be the cause of AD as opposgd to A
peptides-

Tau is a microtubule associated protein involved in the assembly and stabilization
of microtubules. Hyperphosphorylated tau is directly linked to the formation of
neurofibrillary tangles in the brain; these tangles cause neuronal dysfuacd are a
hallmark of AD. It is however not clearly understood whether the increased
phosphorylation of tau is as a result of high activity of kinases or the down regulation of
phosphatase¥.Analysis of tau phosphorylated at serine 199 showed high specificity
(85%) and sensitivity (85%) in differentiating between AD and other forms of
dementia?

Even with these developments in biomarker identification, the early diagnosis of
AD and its differentiation from other forms of dementia remains very elasiginical
levels, and the phenotypic characteristics of AD that include progressive logsnafry
and degeneration of cognitive abilities are still the main diagnostic todshowever
clear that a cascade of biochemical events begins long before thesersgropAD can
be observed*

These studies clearly show that the quantitationfiif-A0, A31-42, total tau or p-
tau in CSF or plasma could hold a huge potential for the early diagnosis and the
evaluation of progress of AD, these measurements in turn would spur the development of

new therapies or vaccinations and development of new dtugs.



Analysis of Alzheimer’s disease biomarkers

Several analytical techniques have been used for the analy$id-@f0A A31-42
and tau. The most commonly used method is the enzyme linked immunosorbent assay
(ELISA) also known as enzyme immunoassay (EIA). This test is an immunochemica
technique that has been used widely for the detection of antibodies. An antigen is fir
immobilized onto a solid surface then it is complexed with an antibody that is linked wi
an enzyme. Non specific binding is washed off and detection is achieved bgtingub
the enzyme-complex with a substrate that is converted into a detectable prbe@uct
detection instrument could be a fluorometer, spectrophotometer or a lumindtheter.

ELISA has been used for the determination of the concentration of amyloid beta
peptides ending at the amino acid position 4R {4y) in the undiluted cerebrospinal
fluid of patients. It has also been used for the analysis of amyloid beta pdptitiethe
brain extracts of patients Typical procedures for extraction of these biomarkers can
however lead to formation of secondary structures of the peptides affecting the
hybridization of the peptides onto the immobilized probes, a factor that can hinder the
reliability of ELISA.*®

Clarkeet al. demonstrated that it is possible to detect the cellular level§-d0A
and A3-42 directly from cell lysates. They used two a dimensional chromatography
where size exclusion chromatography was first done to separate the conteats of
lysates by molecular weight; a sample pre-concentration was then follpnseparation
using microbore liquid chromatography. Detection was done using electrospsay-m

spectrometry (ESI-MS). The use of ESI-MS as a detection tool gave rexitalitly to



the analysis and resulted in greater structural information from the sacapigared to
ELISA.3!

Several studies have been done using capillary electrophoresis for the detection
and quantitation of AD biomarker. Kagéd al. developed a fast analytical method to
separate a mixture offA-41 and A1-42 fibrils in 5 minutes using capillary
electrophoresis and a laser induced fluorescence detector (CE-LIF). Tfeelmas also
found to be applicable for high throughput analysis of promising therapeutic agérgs of
disease. Patient samples are however complex and more sample cleanup mbeegure
to be developed for the method to be used for clinical diaghosis.

Although traditional CE is fast and highly efficient in many circumstantes, i
poses a problem when small capillaries are used. This drawback is due to the low
sensitivity resulting from absorbance detectors caused by the shortemggithaleailable
with small diameter capillaries. One of the major advantages of usgeg ldameter
capillaries is to boost the technique’s sensitivity which is enhanced throulgmgjes
path length. However, increase in inner diameters is associated with atcdease
heating due to the reduced surface area to volume ratio of the capillary atduigbats.
The large capillaries cannot dissipate heat very fast and this leads to batenimg and

poor resolution??



Electrophoresis

Capillary electrophoresis

In recent years, Capillary Electrophoresis (CE) has emerged as dylowe
technique for the separation of mixtures; this characteristic is attibatits high
separation speeds and the ability to use very small volumes of samples in thernanolite
range, while offering extremely high power of resolutidn.

Electrophoresis is the differential migration of ions by attractionpslséon in an
electric field. CE is based on the differential migration of charged spbcasgyh a silica
capillary. The ends of the capillary are placed in buffer reservoirsehgtiirodes which
are connected to a source of high voltage. Samples are introduced into the capillary
usually at the anodic end either electrokinetically or hydrodynamicaigy voltage is
then applied across the capillary to perform the separation. The migrationydésiumea
caused by electroosmotic flow (EOF) and electrophoretic flow in thermesé a
separation buffer. Detection can be done online or off-line at the cathodic endlljfypic
capillaries of 50-100 um internal diameter are used, although smallerged la
capillaries are commercially available and can also be used. Mosagapilised in CE
are made of fused silica which means that the inside surface of the gapitlavered
with negatively charged silanol groups when the electrolyte pH is above 3.

In the presence of a buffer, two inner layers of cations are formed, one of which i
highly attracted to the negatively charged silanol groups and is referrea tixad
layer. Another layer further from the silanol groups also forms and &ttt by the

cathode’s negative charge, this layer is mobile and is the source ob@tectitic flow.
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When a potential difference is applied across the capillary, the cations in tHe fapdi
migrate towards the cathode, dragging along with them the solvent. This movement
ensures that the bulk of the cations and electrophoresis buffer move towards the cathode
This resulting EOF is so strong that it overcomes the electrophoretic mabitity

therefore all charged species and neutral compounds move towards the cathode. The
charged species migrate at different speeds due to the differencetiapmeretic

mobility, they are therefore separated according to their chargestmasizs. All neutral
analytes and ions with equal mobilities do not experience the differentiatiaigand

thus cannot be separated by traditional capillary electrophéfesis.

Capillary electrochromatography

The failure of CE to separate neutral analytes is however a more ghailen
drawback. This situation has been overcome by the introduction of stationary phases tha
have now bridged electrophoresis and chromatography to make capillary
electrochromatography (CEC). CEC is a variant of high performance liquid
chromatography in which the flow of mobile phase is effected by the use of
electroosmotic flow (EOF). Just like in CE, CEC is also performed in capillaes of
50-100 pum in diameter, the main difference is that CEC is performed either inlargapil
packed with a stationary phase or a coated open tubular capillary. Applicatitargé a
voltage across the capillary generates EOF, the analytes angattiéioned between the

stationary phase and the mobile phase. Charged analytes are sepacaitiagaicc

11



differences in partitioning as well as their electrophoretic mohiltiile neutral analytes

separate due to differences in their extents of partitioning into the stytjurase

Micellar electrokinetic chromatography (MEKC)

The main problem of CEC is the development of backpressure. This can be solved
by the introduction of a pseudo stationary phase instead of a fixed stationaery Tieas
use of pseudo stationary phase of micelles was first introduced by E¢@bEhe
technigue was named micellar electrokinetic chromatography (MER€LCyses the same
instrumentation as CE and CEC. In MEKC, the stationary phase is not permarnxewat]y fi
therefore the technique benefits from the fast regeneration of the column and does not
experience stationary phase carry over effects like in CEC, furtherthere are no
complicated packing procedures and the column can easily be exch&figed.

Separation is based on the principle of partitioning analytes between amicell
phase and an aqueous phase. This partitioning is achieved by using ionic micellar
solutions for separation. A widely used surfactant is sodium dodecyl sulfatg. (SDS
Above the critical micellar concentration, the surfactant aggregatesiariarelles that
act as a pseudo stationary phase with an outer polar surface and an inner hydrophobic
core. Analytes in solution partition themselves between the micelles anditiopllic
electrophoretic buffer, with the more hydrophobic analytes solubilizing intoittedlen
core while the hydrophilic analytes remain in the aqueous buffer soltttion.

When neutral analytes are injected into the capillary and the electroghores

potential difference is applied, the anionic nature of the surfactant etiabdliescelles to

12



have electrophoretic mobility that is counter to the EOF, however, since EOF is istronge
than electrophoretic mobility, and the net movement is towards the cathodete8naly
solubilized in the micelle migrate slowly at the velocity of the micshée the rest of
the analytes free from the micelle migrate at the EOF velocity. $hegeartitioning into
the micelles is determined by the extend of hydrophobic interaction betweeralites
and the micelles, the order of migration is similar to that of reverse phask liqui
chromatography. Hydrophobicity and charge interactions of analytes arfhee of the
micelles are thus the major factors that determine the separationyitaftal

Many other approaches have been used in order to improve selectivity, sensitivity
and reproducibility of capillary electrophoresis. Most of these involve the use of pseudo
stationary phases. CE can therefore be divided into four major groups that include open

tubular, packed column, monolithic and pseudo stationary phaéé CE.

Detection methods and peptide derivatization

In capillary electrophoresis, samples are detected on-column at sarhe poi
towards the end of the capillary. A small section of the protective polymengatihe
fused silica capillary can be burned off to expose an on column cell through which
detection can be done. Ultraviolet/Visible (UV-Vis) absorbance is the moshaom
means of detection. Although UV-Vis absorbance detection is very reliablamited|
to analytes that have a chromophore. The sensitivity of UV-Vis detectors is poabrt
to the detection path length across the capillary cell. Since most d¢apiliaed in

capillary electrophoresis are in the range of 20-100 um inner diameterstetigode

13



path length is small and the absorbance sensitivity becomes poor as the path length
reduces with reducing capillary diameter. This loss of sensitivity |l@eaapoor limit of
detection. Other methods of detection have also been used in capillary electisphores
including mass spectrometry, chemiluminescence, electrochemieatidetand
fluorescencé®

Laser induced fluorescence detectors have very low limits of detection in the
attomole to femtomole range. Non fluorescent analytes are covalentlgdatieh a
fluorophore to enhance detection sensitivity. Excitation radiation is focused on the
capillary cell where the polymer coating has been burned off. The rgsililiomescence
is collected at Q0relative to the excitation beath.

Since the3-amyloid peptides do not naturally fluoresce, derivatization to form
fluorophores is a necessary step towards detection. ATTO-TA® BX2-furoyl)
guinoline-2-carboxaldehyde 2) has been widely used as a derivatization reagent for
peptide tagging. An example of peptide derivatization uaii§O-TAG™ FQ is shown

below in Figure 3.

Figure 3. Peptide derivatization using ATTO-TAG FQ™

0 o
|
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ATTO-TAG FQ™ Cyanoisoindole derivative
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ATTO-TAG FQ™ specifically reacts with primary amines and even hydrophilic
peptides. The resulting fluoresceytainoisoindole derivatives can be excited by the 488
nm line of argon-ion laser with resultant emission maxima of ~590 nm. The limit of
detection is in the attomole range t¢¥@noles)* Parameters that play a role in CEC
separations e.g. pH, buffer type and its concentration, electrophoresis vattadength
of capillaries and laser power have to be optimized in order to achieve fasataend

precise separations with reproducible migration tiffies.

Joule heating and zwitterionic buffers

Band broadening in capillary electrophoresis is caused by many factodimacl
length of injection zone, width of detector, Joule heating, electroosmotic flow and
analyte-wall interactions. Joule heating is the result of heat geneyatied passage of
electrical current through a capillary filled with buffer; it playsignificant role in band
broadening. When the heat generation exceeds heat dissipation, then a temperature
gradient within the capillary occurs. The amount of heat produced depends omycapilla
dimensions and the type of buffer used. Generally, larger diameter caphiaviea
small surface area to volume ratio and cannot dissipate heat as effiaenthaller
capillaries whose surface area to volume ratio is relatively highege lchameter
capillaries therefore tend to generate more heat. High conductivity eibibit high
currents and contribute positively towards Joule heating. The use of very higlevoltag

electrophoresis also increases Joule he&fify.
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The temperature gradient due to Joule heating is both radial and axial arsl affect
factors like electrical conductivity, diffusion coefficient and buffer visyos€hanges in
these factors lead to the non uniformity of electroosmotic flow, electrophorebidity
and molecular diffusion causing a difference in the migration time of siemkytes that
in turn causes band broadening and irreproducible migration fifnes.

Several ways exist in which Joule heating can be reduced. The use of eapillari
with smaller internal diameters remarkably increases the surfex¢hatas used for heat
dissipation and dramatically decreases the overall current. This modifitets the
disadvantage of shortening the path length used for analyte detection andeherefo
becomes problematic especially for absorbance based detectors whaseatgensot
very high. Another way of reducing Joule heating is by reducing the conductivitg of
buffer by lowering its ionic strength thereby producing lesser currehbeat; however
with a decrease in ionic strength, analytes tend to adsorb more on theycagaillal he
electrophoresis voltage can also be lowered with the consequential decre@sientgf
and resolution of separatioff.

One of the best ways to reduce Joule heating is by the use of zwitterionic.buffers
These buffers have minimal charge and therefore generate veryrtiaicwhile still
offering good conductivity. Furthermore, the low conductivity also reduceseiljative
effect of buffer depletion leading to longer and more stable operation time. Esaofpl
zwitterionic buffers include tricine, bicine, HEPES (4-(2-hydroxyetiyl)

piperazineethanesulfonic acid ), CAR&dyclohexyl-3-aminopropanesulfonic acid),

16



MES (2-(N-morpholino) ethanesulfonic acid) and tri (tris (hydroxymethyl)
aminomethane}®

The pH of the running buffer is also a major factor in the efficiency of CE
separations. At low pH, only a small proportion of the silanol groups on the capillhry wa
are ionized, therefore the electroosmotic force is low and migration timésng. The
electroosmotic flow increases with increasing pH until all the avaiklaleol groups on
the capillary have been ionized, consequently very high pH buffers cause high
electroosmotic flow and a very fast movement of analytes which may cause poor
resolution. High buffer pH may however be beneficial for peptide and protein separati
Performing separations for samples with basic amino acids e.g. l[yghkeranges above
the pKa of the amino acid residues ensures that the analytes take on negatige charge
resulting in less analyte-wall interaction and thus reducing band broadahitigese
factors namely: - capillary diameter, choice of buffer and electropbqrEshave to be

optimized. #2

Use of nanopatrticles in capillary electrophoresis

Modification of gold nanoparticles

Nanobiotechnology has attracted immense attention in the fields of chemistry,
physics and biology. The application of nanomaterials is rapidly rising andoisighiae
science of separation. Due to their large surface area to volume ratio, mialesphave

the ability to selectively interact with the capillary surface, théyéaar both

17



culminating into high mass transfers and dramatically changing the gt@ramnf a
separatiorf>

These small particles have a large surface area to volume ratio, etehistia that
can be successfully exploited in capillary electrophoresis. The largeesark can act
as a platform for the adsorption of ligands that interact differentially thé analytes,
offering another mode of separation. Taken together, these attributes t#arendous
increase in the precision and separation efficiency of CE as a techffque.

The use of nanopatrticles in CEC has attracted a great interest and w#yg rece
reviewed by Guihen and Glennon. Different materials have been utilized for the
production of nanoparticles including gold, silver, silica, fullerene and organic pslyme
Different ligands have previously been attached onto the surface of nanopéaaticle
increase the selectivity with which they interact with specific aealythe surface
modification of nanoparticles offers several major advantages to capillary
electrochromatography, namely: - it prevents the aggregation of the nizriepaand
ensures even dispersion when in solution, it controls the particle size, and the functional
groups on the chemisorbed molecules interact differently with specifigtenalffering
an extra level of selectivity during separatfon.

Bare or modified gold nanoparticles have been used to increase the efficiency,
specificity and reproducibility of CE separations. Studies done by Pwhatahow that
the efficiency of separations in microchip capillary electrophoresis cgrebdy
improved by the use of nanoparticles. In their study, citrate stabilized guigandicles

(10 nm diameter) were used to improve separation of aminophenols. They reported that
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the resolution and plate numbers of the solutes doubled compared to conventional bare
silica capillary electrophoresis. This was attributed to the changésctophoretic and
electroosmotic mobility of solutes in the presence of gold nanopariicles.

Yu et al.used gold nanoparticles modified with polyethylene oxide in the separation
of double stranded DNA, achieving an efficiency of fiates/M.
Didodecyldimethylammoniun bromide bilayer protected 6 nm diameter gold
nanoparticles were also used to effectively separate acidic and basingeawtd reduced
peak migration deviations by 0.6% compared to normat®@&ennonet al. pre-
derivatized fused silica capillaries with dodecanethiol modified gold nandparfoe the
separation of drug compountls.

The nanoparticles are used as a pseudo stationary phase that offers a large surfa
area for interaction with analytes while occupying a small volume. Thesenaderials
can either be introduced into the capillary prior to the analytes (paitiag)ior
continuously introduced into the capillary throughout the process of separation whilst
having uniform mobility and not tampering with detection capabilities of thanigge.

A great challenge in the use of nanoparticles is the tendency to form smtdtgla

process commonly known as aggregation. For efficient separation, it is ne¢essary
maintain the nanoparticles in a stable suspension while in aqueous solutions during the
process of separation. This is mainly done by covalently modifying the nankgsaftic

According to Gottlicher and Bachmann the ideal nanopatrticles should have the
characteristics outlined below: - (i) be charged during separation in ordaefomot to

co-elute with EOF. (ii) form stable suspensions in solution and be able tovsecti
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interact with different analytes in order to create a difference inatiog time and have
the power of separating neutral analytes. (iii) exercise equal mobilitygdur
electrophoresis to avoid band broadening. (iv) have a large surface area to vtilume ra
(v) have the least possible mass transfer resistance and should not intghfeletection

of analytes!

The biggest drawback of pseudo stationary phase — capillary
electrochromatography (PSP-CEC) is the interference by the n#olgsaduring
detection by UV due to their light scattering properties. This can however loed\xy
the use of a laser induced fluorescence detector that filters out Ragteigering. The
analytes are first derivatized with fluorescent molecules prior toasmarFor detection,
a laser is used to excite the analyte- fluorophore complex and the signal thietaabhgd

is integrated as a measure of the concentration of anélSte.

Self assembled monolayers

Derivatization of gold nanoparticles used in capillary electrochromatogesph
pseudo stationary phase is done by the creation of self assembled monolaiéssd8A
the surface of the gold nanoparticles. SAMs are organic assemblies forranedsohitl
surface from solution by chemisorption. There are two main forces that &yia the
chemisorption of thiol containing ligands onto gold metal surfaces. (i) The yaffinit
sulfur for the gold surface. The sulfur-gold bond is in the order of 45 kcal/mol which is a
stable semi-covalent bond. This is fairly strong considering that the C-C lvengtktis

about 83 kcal/mol. (ii) The methylene carbons on the carbon chains exhibit Van der
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Waals interactions. These interactions make the carbon chains tilt in theorsois
order to lower the overall surface energy. Initially, the monolayer formedicemteny
gauche defects, but the alkyl chains become more ordered over time (12-g)8dour
form a closely packed monolayer as shown by the Figure 4. Research has shown that the
best ordered monolayers are derived from alkyl chains that are about 10 carbdns long
36, 37

Optical properties of gold nanoparticles depend on the core size of the panticle
solution. Small particles of less than 3 nm exhibit a surface plasmon resonaimoa ma
around 200 nm range while larger particles > 3 nm have a characteristie sulasmon
resonance at around 520 nm. The particles therefore appear to have a red color that can

be used for their characterizatioh.
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Figure 4. Chemisorption of thiols onto a gold surface
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The carbon chains become more ordered ovel as the alkythainstilt for

maximum interaction among the methylene grc

The use of neutral thiols fiderivatizationof citrate stabilized nanopatrticles

discouraged because it leads to nanoparticle agtpagevidenced by a color change

the solution from red to blldue to a red shift of surface plasmon bahdmoparticles
coated with self assembled monolayeaving amercaptoundecanoic acid head gro

are more stable because the deprotonated carb@acytigroup provides electrosta

stability to the colloidvhich prevents nanoparticle aggregatith.
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Self assembled monolayers on gold can easily be created by chemisorbed
molecules with disulfide or thiol groups. Dialkyl disulfides and alkanethiols have bee
utilized in the creation of monolayer protected clusters (MPC) on gold nanaggmrticl
Younget al. studied the composition of monolayers on gold nanoparticles formed from
asymmetric disulfides CHICH,)11S-S(CH)1:0H and symmetrical disulfide
CH3(CH,)11S-S(CH)11CHs. The derivatized gold nanoparticles were then characterized
by UV spectroscopy, NMR spectroscopy, Infrared spectroscopy and Trammsmis
Electron Micrograph&®

Creation of ordered monolayers on metal surfaces requires the use of surface
terminating groups such as -MHSH or -CN, that enable the spontaneous adsorption. -
SH terminated molecules have found wide application in these Self Assembled
Monolayers (SAMs) due to their high stability. Thoneasl. modified gold nanoparticles
with 1-dodecanethiol and probed their ability to discriminate between benzophenone and
biphenyl solutes in a capillary electrochromatography (CEC) sepaksith a total
separation time of less than five minutés.

Self assembled monolayers can effectively be made from thiols or disulfides.
Studies of SAMs made from asymmetric disulfides (R3®Rve shown that both halves
of the disulfide -S-R and —S*Rire incorporated into the SAMs in a 1:1 ratio. This
supports the hypothesis that thiols and disulfides react at the gold surface fibriolaig
intermediates. The sulfur-sulfur bond of the disulfide is cleaved yieldingvthpdssible
thiolate species. The thiolates then act independently to chemisorb ontodisergate

to form a new gold-thiolate species. It was also shown that longer chairatt@aapable
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of displacing shorter chain thiols from an already formed monolayer. Théyatf gold
for sulfur and the lack of a surface oxide on gold are exploited in the assembly of
monolayers through covalent interactions with sulfur groups and therefore, it isteasie

derivatize gold nanoparticles compared to silica or silver nanoparficles.

Factors that affect the formation of self assembled monolayers.

Several aspects have to be considered during the procedure for the derivatization of
gold nanoparticles. Among the conditions that are known to have an effect on the
formation of self assembled monolayers include: - temperature, concentnatio
reaction time of the chemisorbing species, solvent used, purity of disulfide caridiol

substrate (gold).

Temperature

Reaction temperatures above°€5have been shown to favor the reaction kinetics
of monolayer formation and reduction of defects in the formed ligands. Thesedlevat
temperatures help in the desorption of solvent molecules that are in associdtithewit
substrate surface and any other substances used for the stabilization obttal gulid.
This temperature elevation also helps in overcoming of the activationrlzarde
adsorption of the ligands onto the gold nanoparticles. Since the adsorption of ligands is
spontaneous and occurs in the order of milliseconds to minutes, the slightly elevated
temperatures (5@C) were found to be important in the initial process of

derivatization®>#°
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Concentration of chemisorbing species and reaction time

The lower the concentration of chemisorbing species, the longer the time required
to form a well ordered monolayer on the substrate. The typical maximum coverage for
self assembled monolayers is approximately 4.5'%rfi6lecules/crhand therefore the
minimum concentration for forming a good SAM is about 1 uM which corresponds to 6
x10™ molecules/ci Dense monolayers can be assembled in a matter of milliseconds to
minutes using milimolar concentrations of the chemisorbing species. FatHainy
thiols, the immersion of the substrate in a 1 uM solution containing chemisorbimgsspec
for periods of 12-18 hours is sufficient to form a dense monolayer, indistinguishable from
that formed from higher concentrations. Longer immersions in the order of days can
however greatly decrease the number of pinhole defects and improve the order of the
alkane chains. This helps in the improvement of the reproducibility of experiments for

which the SAMs are uset.

Solvent

Several solvent systems including ethanol, tetrahydrofuran, dimethylfodeami
acetonitrile, cyclooctane and toluene have been used for the preparation of SAMs,
however, ethanol has been widely used because it easily solvates thiols and slistilfide
different chain lengths, it is inexpensive, is available at high purity and is nion Baxn
et al. found that SAMs formed in ethanolic solutions did not vary significantly from those

made using other solvents.
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Characterization of derivatized gold nanoparticles

Surface plasmons are the fluctuations of electron density at the boundary of two
materials. The excitation of surface plasmons is called surface plassmwrance (SPR).
This characteristic can be used for the monitoring of adsorption of materialfiento t
surface of metal nanoparticles. The SPR extinction spectrum band is detebyihe
size, shape and the refractive index around the surface of the gold nanopatieles. T
inter-particle distance also plays a major role in the type of spectstaimed:®

A beam of light consisting of visible or infra-red frequencies can be used te exci
the surface plasmons. This incident light can either be reflected of eefrdtiove a
critical angle of incidence, no refracted light is observed, insteadl antetaal reflection
is observed. During the creation of self assembled monolayers, the ctiditayer
induces a local refractive index change around the surface of the gold nanegparhc
change can easily be monitored by either scattering of absorption teefinidne
apparent increase in refractive index is accompanied by a red shift offleqalasmon
band?’

Jinet al.observed a red shift in the surface plasmon band of gold nanoparticle
capped with dodecanethiol when compared to non derivatized gold nanoparticles. They
also noted that the thicker the self assembled layer, the more the surfacandiasich
was observed towards longer wavelength. Gold nanopatrticles derivatthetie highest
amount of dodecanethiol exhibited the most red shifted SPR. They attributed thetred shif
of SPR to the increasing size of the nanopatrticles caused by the increaseiim af

dodecanethiof®
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Numerous studies have been done on the separation and analysis of Alzheimer’'s
disease biomarkers using capillary electrophoresis with an aim of improving easelis
diagnosis and progression monitoring. Gold nanoprticles have been used in improving the
separation of different peptides when used as a pseudo stationary phase ity capillar
electrochromatography. Derivatization of the gold nanopatrticles witbrelift alkyl
branches could allow a differential interaction between different anagtbthe gold
particles during electrophoresis, leading to an improved separation of theeanaly
asymmetrical disulfide was synthesized and used to derivatize gold nanepaiitic
particles were eventually used in capillary eletrochromatography aafyslzheimer’s

disease biomarkers.
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CHAPTER IlI

SYNTHESIS AND CHARACTERIZATION OF ASYMMETRIC DISULFIDE

Introduction
In order to produce a pseudo stationary phase that could interact with AlZeeimer
disease biomarkers differently, an asymmetric disulfide with a lory) &llain (12 C)

and a carboxylic acid chain (11 C) as shown below was synthesized.

FbC/\/\/\/\/\/\S/S\/\/\/\/\/\”/OH

O]

Asymmetric disulfides can easily be synthesized by a couplingseaxitiwo
thiols, however, this direct reaction is prone to many side reactions some of wHith lea
the formation of the symmetrical disulfid®s>® “°The carboxylic acid functional group
further complicates the reaction since the carbonyl can act as anm@datrsite
triggering substitution of the hydroxyl group in side reactions. It was therefpatant
to protect the carboxylic acid group first before coupling the two thiols. Thisgion
was accomplished by esterification of the carboxylic acid using etharebkyhthesis

scheme in Figure 5 was used.
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Figure 5. Synthesis scheme of asymmetric disulfide
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Materials and methods

lodine, dichloromethane, ammonium hydroxide, hydrochloric acid, sulfuric acid,
sodium metabisulfite, magnesium sulfate and sodium bicarbonate were all dlitame
Fisher Scientific. Hexane, tetrahydrofuran, potassium hydroxide, deutehnédeafarm

and 11-mercaptoundecanoic acid were purchased from Aldrich, 1-dodecanethiol and 60-
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100 mesh silica (Florisilr) were from Acros Organics, absolute ethanol (200 araf)
Pharmco Aaper Alcohol & Chemical Co. Gold nanoparticles were purchased from Sigm

and BBInternational.

Procedure for synthesis of asymmetric disulfide

Preparation of Ethyl-11-mercaptoundecanoate HS(GEOOCHCH;3

0 [e]
/\/\/\M CH,CH,OH /\/\/\/\/\/H\
HS OH > HS o
H,SO,, Reflux K
(Fischer esterification method) CH,

ethyl 11 mercaptoundecanote (2)

mercaptoundecanoic acid (1)

Ethyl-11-mercaptoundecanoate was prepared from mercaptoundecanoic acid and
ethanol by the Fischer esterification method. 5.00 g of 11 mercaptundecanoicwicid (m
218.36, 0.0229 moles) were dissolved in 140 mL of absolute ethanol in a 250 mL round
bottom flask then 3 drops of concentrate 8, were added. The flask was fitted with a
condenser and the mixture was heated with stirring and refluxed for 16 hours. The
reaction was closely followed by Thin Layer Chromatography (Baker-fleoa$gel 1B2-

F). Once the starting material was no longer visible on thin layer chrgraptoy,

heating was stopped and the reaction mixture was allowed to cool to room temperature
The ethanol was removed under reduced pressure and the reaction mixture veetlissol
50 mL of dichloromethane. The mixture was washed thrice with 50 mL volumes of

saturated sodium bicarbonate in order to get rid of the sulfuric acid. The dichloroenetha
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layer was dried over anhydrous magnesium sulfate and rotary evaporated3@ qjvef

ethyl-11- mercaptoundecanoate. This was a yield of 92%.

Synthesis of compound 4

5.2 g of ethyl-11-mercaptoundecanoate (mwt 262.4 g, 0.0198 moles) and 4.00 g
of 1-dodecanethiol (mwt 202.40 g, 0.0198 moles) were dissolved in 100 mL of ethanol in
a 500 mL round bottom flask. lodine was added into the reaction mixture until the
mixture turned a constant brown color. The mixture was refluxed ‘@ 7@ a period of
16 hours. The reaction was monitored by thin layer chromatography (TLC).

The ethanol was evaporated under reduced pressure out of the reaction mixture
leaving behind a black residue which was then dissolved in 50 mL of dichloromethane.
This solution was washed thrice with concentrated sodium metabisulfi8,(dato
remove iodine from solution. The brown color of iodine disappeared and two clear layers
of sodium metabisulfite and dichloromethane formed.

The dichloromethane layer was dried over magnesium sulfate, filtered and rota
evaporated under reduced presure to 8.72 g of a white solid (compound 5, mwt 463.80 g,
0.188 moles). The compound was further purified using column chromatography. A 2 cm
diameter column was packed with silica gel (60-100 mesh) and equilibrated using
hexane. 0.5 mL of the reaction mixture was separated at a time. Elution wdsrfest
with 100 mL of 100% hexane then a gradient worked up to 100% dichloromethane.
Fractions with similar compounds were combined and solvents evaporated under reduced

pressure. Both compounds were white solids at room temperature. Nucleati®agn
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Resonance Spectroscopy was performed to identify compound=20(80 on TLC)

which had a yield of 8.51 g (97%).

Synthesis of compound 5 and 6

The 8.51 g (0.018 moles) of compound 4 was dissolved in 100 mL of
tetrahydrofuran (THF), 3.02 g of potassium hydroxide (KOH) (mwt 56.088 g, 0.054
moles) was dissolved in 20 mL of 1:1 mixture of3AC,HsOH. This reaction mixture
was stirred for 12 hours at room temperature while being monitored by TLC. Once the
starting materials had disappeared, the mixture was acidified with 20 mL of@IM H
The mixture was cooled in an ice bath and white crystals formed out of solution. The
crystals were washed with cold THF and water then dried wadeo 8.3 g of

compound 6 were obtained.

Proton NMR
Proton NMR tH NMR) spectra were all obtained using a JEOL ECA 500 MHz
spectrometer by dissolving 10 mg of the compound of interest in 0.5 mL of deuterated

chloroform (CDC}4). The data obtained was integrated using the DELTA software.

Results
'H NMR samples were prepared by dissolving 10 mg/mL of the compound of
interest in 0.5 mL of deuterated chloroform (CB)Clnless otherwise stated.

The data obtained was integrated using the DELTA software.
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Figure 6.'H NMR of ethyl-11-mercaptoundecanoate
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'H NMR (CDCLs, TMS) 6 1.23-1.33 (m, 16H, -B3, -SH, HSCHCH,-(CH»)g-), 1.58-
1.63 (M, 4H, HSCHCHo-, CH,CH,COO-CHCHy), 2.28 (t, 2H, -&,COO-CHCHs),

2.52(q, 2H, HS- €l5-), 4.12 (q, 2H, -CHCOO-CH,CHj).
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Figure 7.*"H NMR of compound 4
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Figure 8.'H NMR of the desired asymmetric disulfide (compound 6)
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CH2-CH,COy), 2.33 (t, 2H, -E1,-COy), 2.66 (t, 4H, -S-S-B,-CHy-).
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3C NMR of asymmetric disulfide (compound 6)

The COOH proton has a characteristic absorbance betwe2and 12 which is
generally weak; however, the presence of a carboxylic acid group canbeasil
confirmed by analysis of the compound’8g NMR. This is evidenced by the strong
absorbance arourtd180. Figure 9 shows an NMR spectra of the final disulfide at a

concentration of 50 mg/mL in deuterated chloroform (GRCI

Figure 9.°C NMR of asymmetric disulfide (compound 6)
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The peak aé 180.57 in figure 9 is representative of the C in the COOH group.
This further confirmed the identity of the disulfide. Having been well chexniaed, the
disulfide was then used for modification of gold nanoparticles. Structural and
compositional analysis of the modified nanoparticles was performed using UV

spectroscopy.
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CHAPTER IV
DERIVATIZATION AND CHARACTERIZATION OF GOLD

NANOPARTICLES

Introduction

The goal was to create gold nanopatrticles with a monolayer on them consisting of
1:1 ratio of mercaptoundecanoic acid and dodecanethiol ligands, hence the name mixed
self assembled monolayers. This assembly was accomplished by chaomsoirpn
asymmetric alkyl disulfide synthesized from dodecanethiol and mercaptoundegeidoi
(MUA) onto citrate stabilized gold nanoparticles with an average diammil€r nm.

The choice of MUA and dodecanethiol as the ligands making the monolayer was
made with an idea of maximizing the interaction between the synthesized nimhegpa
and AD biomarkers. The alkyl chain from dodecanethiol offers hydrophobicatitera
while carboxylic acid chain has three major functions; it offers hydraphiieractions
with the biomarkers, has a negative charge that creates electrsisthiiity to minimize
aggregation of nanopaticles and ensures that the particles experieregtraplebretic
force in the presence of an electric field due to its negative charge.

Derivatization of the nanoparticles with the asymmetric disulfide enakdédity
of the monolayers in a wide range of pH and in different aqueous solutions and buffers.
Separations were performed at pH ranges above 4.6 where the carboxylic acid chai

deprotonated.
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Due to the high negative charge density, the particles when suspended in the
buffer “migrate” towards the anode caused by their electrophoretic mobHtigy. T
migration of AD biomarkers in the electric field offers substantial au@ons with the
gold nanopatrticles, however, since electroosmotic flow is greater tharoplearetic
mobility, net movement is towards the cathode. The more a biomarker interaitteldevi
nanoparticles, the higher its retention time, hence an inverse relationshigrationi

time and interaction was observed as illustrated in Figure 10.

Figure 10. Gold nanoparticles in capillary electrochromatography

, KEY
9 Yellow = Gold nanoparticle
Y . Light blue = Sulfur atoms
o . Brown = Carbon chain from
. dodecannethiol
* Orange = Carbon chain from MUA
ANODE e e Analyte A
S Analyte B

Analyte A has stronger hydrophobic interaction with the alkyl chains chedreisor
onto the gold nanaoparticle and thus spends more time in the capillary as opposed to

analyte B which has a lesser interaction. Analyte A therefoneearat the detector after
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B as seen by the peaks from the detector. The arrow in the diagram shows the general

direction of flow.

Materials and methods

The non derivatized gold nanoparticles were stored@ttd maintain stability.
2.0 mL of citrate stabilized gold nanoparticles were obtained from theewttoy and
allowed to warm up to room temperature for 20 minutes; they were then immersed into a
water bath until a constant temperature ofG@Qvas reached. 5 mL stock solution of 1
millimolar disulfide solution was prepared by dissolving 2.085 mg of asymmetric
disulfide in tetrahydrofuran. 1 mL of the disulfide solution was warmed t&€50 a
water bath. 100 pL of the warm disulfide solution was drawn and slowly mixed with the
gold colloid and thoroughly stirred at room temperature.

After 12 hours, the reaction mixture was centrifuged at 10,000 g for 30 minutes
and the supernatant decanted, leaving behind a pellet of derivatized gold ndespartic
The derivatized nanoparticles were washed twice with 500 pL of 1:1 modture
tetrahydrofuran: nanopure water, followed by centrifugation each time and atexraiof
the supernatant. The derivatized gold nanoparticles were then re-dissolved Intf 2 m
running buffer and used as a pseudo stationary phase for analysis of amyloid beta
peptides in a capillary electrophoresis — laser induced fluorescence istrum
Derivatization of gold nanoparticles was monitored using a CARY 100 Bio U\bI¥isi

spectrophotometer from Varian. The concentration is ~ 5.73phBticles of gold
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nanoparticles/crhof solution, which is the concentration of the gold nanoparticles as

given by the manufacturer.

Results and discussion
The particles were mixed with the asymmetric disulfide as explainedteriaia

and methods then monitored for a period of 3 days.

Figure 11. UV-Vis Spectroscopy results of the continuous derivatizatioof 10 nm

gold nanopatrticles
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Table 1. Derivatization time versus surface plasmon maxima of gold nanopartide

Derivatization time Surface Plasmon band (nr
2 524
10 Minutes 525
4 hrs 528
8 hrs 532
3 days 532

UV-Visible measurements were done before, during and after the process of

derivatization. Initial surface plasmon band of citrate stabilized gold aamnes was

observed at...« 520 nm which is an intrinsic characteristic of 10 nm diameter gold

nanoparticles. A red shift to 525 nm of the plasmon peak was observed immediately after

mixing the particles with 1 mM disulfide, this change was attributed to thregeba

occurring in the local dielectric constant around the gold nanopatrticles due to the

chemisorption of ligand monolayers on the gold surface. This shift towards longer

wavelength continued to occur with time and was shown to stabilize at 532 nm after a

period of 8 hours.
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Figure 12. UV spectra of derivatized versus non derivatized gold nanopactes
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Trace (a) with a maximum surface plasmon resonance of 520.00 nm and relative
intensity of 0.414 units represents non derivatized gold nanoparticles as reomivele
supplier while trace (b) with maximum surface plasmon resonance of 531.Qfdnm a
relative intensity of 0.409 units represents gold nanoparticles dertv&biz8 hours
without any centrifugation or washing.

The characteristic maximum surface plasmon resonance of 10 nm gold
nanoparticles at 520 nm is clearly seen on the green trace. A shift in sugisoepl

resonance of 11 nm towards longer wavelength between the non derivatized and
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derivatized form of the gold nanoparticles can be attributed to the formation bf a sel
assembled monolayer on the surface of the gold nanoparticles. The nanopartiotés i
cases (non derivatized and derivatized) were centrifuged and washed asl autline

materials and methods and their UV spectrum taken to give the results in Figure 13

Figure 13. UV spectra of derivatized and non derivatized gold

nanoparticles(washed)
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The blue trace (a) with a maximum surface plasmon resonance of 520 nm and a
relative intensity of 0.373 units represents non derivatized gold nanoparticlegive

red trace (b) with a maximum surface plasmon resonance of 532 nm and a relative
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intensity of 0.352 units represents the derivatized form. Both samples wéredveasl
re-dissolved in nanopure water as explained in materials and methods, theferdy cif
being that the sample represented by the red trace had been derivatizadfades
plasmon resonance for the derivatized form of the gold nanopatrticles shifts
insignificantly to a longer wavelength by 1 nm compared to surface plasnuoanes
maximum of 531 nm before washing, while that of the non derivatized form remains at
520 nm.

The intensities of surface plasmon resonance after washing are howexedred
to 0.373 and 0.352 down from 0.414 and 0.409 units for the non derivatized and
derivatized forms respectively. This decrease was attributed to titedaoot all the
nanoparticles were able to be sedimented during centrifugation, a factbrwdsalso
evidenced by the faint reddish color of the centrifugation supernatants. Thengegald
nanoparticle solutions had slightly fewer particles than the original amount thence

reduced surface plasmon resonance intensity.

Conclusion

Derivatization of the gold nanoparticles was done overnight at room temperature.
It was observed that the color of gold nanoparticles remained light-red andispelised
in solution even after the centrifugation and washing procedures were perfdime
reduction in surface plasmon resonance intensity indicative of nanoparticleaggreg
was observed for at least 3 days. Aggregation is mainly evidenced by banchbrgade

and diminishing surface plasmon resonance peak intet{ditgne of these

45



characteristics were observed in the derivatized nanoparticles. Thatided

nanoparticles were found to be colloidally stable for more than 3 days.
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CHAPTER V
ANALYSIS OF ALZHEIMER’S DISEASE BIOMARKERS USING CAPILL ARY

ELECTROCHROMATOGRAPHY

Introduction

Electrophoresis is the differential migration of ions by attraction or rigpuils an
electric field. CE is based on the differential migration of charged spéctegyh a silica
capillary. The ends of the capillary are placed in buffer reservoirs veitireties which
are connected to a source of high voltage. Samples are introduced into the capillary
usually at the anodic end either electrokinetically or hydrodynamicaigy voltage is
then applied across the capillary to perform the separation. The migrationydésiue
caused by electroosmotic flow (EOF) and electrophoretic flow in the peeséac
separation buffer. Detection can be done online or off-line at the cathodic end.

Typically, capillaries of 50-100 um internal diameters are used; althoogltes
and larger capillaries are commercially available. The ends of pileacaare placed in
buffer reservoirs that have electrodes which are connected to a sourgle wbltage.
Samples are introduced into the capillary usually at the anodic end either
electrokinetically or hydrodynamically. High voltage is then appliedsacthe capillary
to perform the separation. After the separation, detection can be done onlinénar afff

the cathodic end.
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Amyloid beta peptides were derivatized with ATTO-TAG '®Qa fluorogenic
compound to make the peptides fluorescent and diluted as specified in each experiment.
Hydrodynamic injections were done at the capillary inlet followed by egupdn of
electrophoresis voltage. Detection was performed using a laser-induocexs dent

detector near the end of the capillary.

Materials and methods

Preparation of fused silica capillaries

Fused silica capillaries of inner diameter 50 pm and outer diameter of 361 pm
were used in all experiments. A detection window was made 50 cm from inlet tadetect
The geometry of the capillary end at the inlet is important due to the interactlon of
capillary and the surface of the liquid during and after sample injection. Adugygface
can cause expulsion of injected sample plug, leading to inconsistencies in reprbglucibil
The polyimide coating of the capillary was therefore burned off at both endadwee
the rugged surface.

Electroosmotic flow in CHEs due to the silanol groups found on the inside surface
of the capillary, these groups are enhanced by running a basic solution through the
capillary before its first use, a step commonly known as “conditioning”, the base
increases the concentration of the silanol groups. Fused silica capilaries
conditioned by flushing them with 1M sodium hydroxide for 10 minutes before their first
use in separation, this conditioning step creates silanol groups which form atl&ye

silica—liquid interface responsible for the building up of an electrical double daymg
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separation. This was followed by a 10 minute flush with 0.1 M sodium hydroxide
solution then a 10 minute flush with nanopure water. The capillary was then ready for use
in separation experiments.
At the beginning of the every analysis, the capillary was regenerated and
reconditioned by washing it with sodium hydroxide (0.1 M) for 5 minutes, nanopure
water for 5 minutes, and finally, running buffer for 5 minutes. Sodium hydroxte®
fused silica and therefore it is well suited for washing off the capitiaitymn. This
action ensured that any analyte remnants from previous analyses werd wasticthe

column to avoid contamination.

Dissolution and storage of peptide samples and derivatization reagent

The medium in which amyloid beta peptides are dissolved is critical since the
peptides tend to aggregate under certain conditions of pH and temper@td&eaad A
40 were separately dissolved in 1% ammonium hydroxide as suggested by the supplier to
a final concentration of 1.25 x T®. The stock solution was divided into aliquots of
4uL each in 500 pL micro-centrifuge tubes and stored in a refrigeratograparature of
-20°C. Samples were thawed only once before analysis. 10 mM solution of the
derivatization reagent ATTO-TAG F# (3-(2-furoyl) quinoline-2-carboxaldehyde 2)
was prepared by dissolving 10 mg of the derivatizing agent into 4 mL of 99.9%
methanol. Aliquots containing 100 nM of ATTO-TAG Bhwere transferred into 500
pL micro-centrifuge tubes and the methanol removed by rotary evaporation under

vacuum at room temperature before storage atG20
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Preparation of separation buffer, sodium hydroxide and potassium cyanide

Borate buffer was used for initial studies. 100 mM stock solution was prepared
and filtered through 0.45 pym Whatman nylon membrane filters. Fresh working buffers
were made daily from the stock solution by dilutions with nanopure water and adjusting
the pH to a desired value using 0.1 M HCl or 0.1 M NaOH. 10 mM potassium cyanide
was made by dissolving 6.5 mg of KCN in 10 mL of 10 mM running buffer at pH 10. In
all cases nanopure water was used from a Barnstead NANOpure Diamond wate
instrument.
Note Care must be taken when handling KCN because it is a highly poisonous reagent

and readily reacts with acids to generate the lethal HCN gas.

Instrumental setup

A SpectraPOHORESIS 100 Modular Injector instrument from Thermo Separation
Products was used for all analysesZRATALIF laser induced fluorescence detector from
Picometrics was used with a MELES GRIOT 43 series ion laser power supfuy188
nM wavelength. Fused silica capillaries were obtained from Polymicro Tegheslinc.
Total length of capillary was 80 cm from inlet to outlet, with 50 cm effecaémgth from
inlet to detector. Buffers and electrophoretic voltage were varied depesrdihg
experiment to be done and as defined in the specific runs.

Borate buffer (40 mM) was used as the running buffer for initial experiments and
was adjusted to pH 10 using 0.1 M sodium hydroxide. In all CE-LIF experiments,

electrophoretic potential difference/Voltage was set at a fixed valudareddre the
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current could vary depending on the type or strength of buffer used. All samples were
introduced into the capillary hydrodynamically by application of vacuum at thet oftl
the capillary for a specified period of time. Running buffers were changed egtme

run. All samples were diluted using nanopure water after derivatizationrtal a fi

concentration of 1 uM before analysis.

Sample derivatization, injection and analysis

Peptide samples were removed from the refrigerator and allowed 5 minutes to
thaw. To 4 pL of peptide sample at a concentration of 1.25%M,®0 pL of 10 mM
KCN dissolved in 10 mM borate buffer at pH 10 were addé€i0 nanomoles of ATTO-
TAG FQ™ were re-dissolved in 10 pL of methanol and vortexed to dissolve completely
then pipetted into the sample micro-centrifuge tube which contained therenoft
peptide and KCN. This mixture was kept at room temperature for the next 60 minutes to
effect derivatization. At the end of 60 minutes, the derivatized sample was diithed w
nanopure water to stop the derivatization process and to lower the sample conoentrati
to a predetermined value. The samples were then refrigeraté@ aivhiting analysis.
Initial derivatization studies were done for a period of 90 minutes in order tondeter
an optimal derivatization time.

Samples were introduced into the capillary by hydrodynamic injection fimdse
3 or 5 seconds depending on the experiment. Analysis was done at constant voltage with
the anode set at the capillary inlet; current would therefore vary dependingranriivey

buffer used. Initial analyses were done for 30 minutes to determine migration winflow
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specific analytes. No migrating analytes were observed beyond 10 minutes afaé¢her
typical analysis time was set at 15 minutes.

The amyloid beta peptides (40 and 42) were each analyzed separately to
determine their migration times. Different buffer pH and strengths armeab/zed in order
to select an optimal buffer condition. Electrophoretic potential differencesalso
varied and the effect on retention time of the analytes noted in order to select at optim
electrophoretic potential difference. The electrophoresis buffer waseptaced with 10
nm bare (non- derivatized) gold nanoparticles suspended in buffer and the results
recorded. Finally, analyses were done using 10 nm gold nanopatrticles detivatizan

asymmetric disulfide.

Results and discussion

Results from capillary electrophoresis

In order to determine optimum derivatization time, amyloid beta peptides were
derivatized by mixing 4 pL of peptide sample at a concentration of 1.25 K idith 20
puL of 10 mM KCN dissolved in 10 mM borate buffer at pH 10 and 100 nM of ATTO-
TAG FQ™ for 90 minutes then diluting the solution to a concentration of 1 uM with
nanopure water. Samples were drawn from the derivatizing stock solution at 15 minute
intervals for a total period of 90 minutes. Thus 6 samples in total were obtained and
analyzed in order to determine an optimal time for derivatization. CE-LIruse$to
measure the intensity of fluorescence in three replicates for each shawte The

derivatization time was plotted against average sample intensity.
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Fluorescence Signal Intensity

Figure 14. Determination of optimal derivatization time for AB 40
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Derivatization Time

Shown in Figure 14 above are 6 chromatograms pod@each being a
representative of the replicates analysed after the specified durationveatidation (15,
30, 45, 60. 75 and 90 minutes). The Y- axis shows the relative fluorescence intensity of

the different samples. The electropherograms have been shifted on ths &+ alarity.
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Figure 15. Derivatization time of amyloid beta peptides against fluoresace

intensity
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Figure 15 shows a plot of fluorescence intensity of the samples against the
derivatization times. It was observed that the intensity of fluoreedanmeased steadily
from the time of derivatization to about 60 minutes after which only minimal ireeresm
in fluorescence were observed. 60 minutes was therefore chosen as the opérfal tim

derivatization of the amyloid beta peptides.
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Initial CE studies using borate buffer at different ionic strengths

Figure 16. Analysis of A8 42 (1 mM) performed in borate buffer (40 mM).
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The voltage was set at 20 kV and a 5 second hydrodynamic injection. Numerous
peaks were observed for the time between 4- 7 minutes, these peaks can be attributed t
the aggregative behavior which is characteristic of amyloid beta peptides &lso
thought that the wide peak observed from 5-7 minutes could be suggestive of an

overloaded column. Migration time of analytes is dependent on electrophoretic voltage
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and buffer strength. The parameters above were therefore varied in ordetindoetter

electropherograms.

Calculation of injection volume

All hydrodynamic injections were done by application of 50 mbar (5.0103 kPa)
suction pressure at the capillary outlet while dipping the inlet into a sampld el

general equation for calculation of volume in vacuum injection is shown below.

V=APzd't/128L,

Where V is injection volumeR is the pressure difference between the ends of the
capillary,d is the inner diameter of the capillatys the injection timey is the sample

viscosity and.; is the total length of the capillary. Assuming that the viscosity of the
sample was 0.001 kg/ (m s) which is the viscosity of water, a 5 second injection in a

capillary of total length of 80 cm at 50 mBar would be:-

V=5000 Pa x 3.14 (50 x Fam) x 5 s/ 128 x 0.001 kg (m.s) x 0.8 = 4.791 x¥40*

=4.79 nL

Because of the band broadening and peak tailing of the electropherogram in

Figure 16 which are characteristics of an overloaded column, it was prudensroattgr

56



injection volumes. All subsequent experiments were done using 3 second hydrodynamic

injection unless noted otherwise. This corresponds to an injection volume of ~ 2.9 nL.
The electrophoretic voltage was increased to 25 kV and capillary length was

maintained at 80 cm due to instrumentation setup. Effective length also remaied at

cm to detector. The result is shown blow in Figure 17.

Figure 17. Analysis of A 42 (1 mM) with 3 second hydrodynamic injection
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In the above electropherogram, the peak shape$ dPAvith 3 second

hydrodynamic injection and 25 kV electrophoretic voltage remained sitoitae
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previous trial with 5 second injection and 20 kV. The migration time however is
shortened to 3-6 minutes due to the increment in electrophoretic voltage from 20 to 25
kV. The change in injection volume did not produce any significant change in the number

of peaks observed.

Figure 18. Comparison of A 42 analysis at different conditions
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Figure 18 above shows the analysis of 1 mpi4& under three different
conditions (a) 25 kV, 3 second injection (b) 25 kV, 5 second injection and (c) 20 kV with
5 second injection. The retention time decreases with increase in voltage but no

remarkable change in peak shapes or peak numbers is evident.
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Figure 19. Derivatized A 40 performed in borate buffer (40 mM)
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The voltage was set at 25 kV and a 5 second hydrodynamic injection was
performed. The main peak foBA0 appeared at 4.0 minutes with a smaller minor peak
observed at around 4.2 minutes. As expected, fhé0peptides showed less
aggregation compared to th@ A2 peptides which are more prone to the aggregation and
is the main source of amyloid plagues in the brains of Alzheimer’s disezsgtfpa
Nevertheless, the analyte peak is broad with an additional smaller peak that eeuld ha

resulted from minor aggregation. Due to the large number of peaks observeddy &
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separation of the two Alzheimer’s disease peptidgs4d@and A 42) was not attempted
using borate buffer since the analytes would be indistinguishable from thgaggte
The band broadening and aggregation might have been enhanced by Joule heating
due to the characteristic high conductivity currents of borate buffer. Joule heat is
generated as a result of the flow of electric current through the electesghbuffer and
is a major factor in the speed and resolution of separafidi.was therefore
appropriate to explore the results obtained with other buffer solutions for comparison
purposes. Zwitterionic buffers offer good conductivity at low currents andier
contribute less to Joule heating. These buffers allow the use of higher valtaigdsis
can offer faster separations compared to other buffers. The effects catisapaere
monitored usingN-cyclohexyl-3-aminopropanesulfonic acid (CAPS) which is a

zwitterionic buffer.**
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Figure 20. Analysis of A 40 performed in CAPS buffer (40 mM)
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The above electropherogram of A0 in CAPS was obtained at a voltage of 25
kV and a 3 second hydrodynamic injection. This resulted in sharper and narrower peaks
compared to the separation experiments using borate buffer. Some aggregation was
evident but this was less than what had been previously observed when using borate as

the running buffer.
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Figure 21. Analysis of A8 42 performed in CAPS buffer (40 mM.
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The electropherogram in Figure 21 was obtained at a voltage of 25 kV, 3 second
hydrodynamic injection. In this figure, strong analyte fluorescence exedx$ around 3.9
minutes making up the main peak, a later smaller peak appearing at around 4 isiinutes
suggestive of aggregation of the analyte, the aggregation is however highlgdeduc

compared to the studies done using borate as the running buffer.
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Figure 22. Separate analyses ofpM40 and Ap 42
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Electropherogram (a) represents an analysisfod@®using 40 mM CAPS buffer

at 25 kV, 3 second hydrodynamic injection while (b) 4% under the same conditions.

It can be clearly seen that both peptides have very close migration times wieetesubj

to similar electrophoretic conditions, a case that is explained by theimstdseular

weights and charge to size ratios.

The peptides were then derivatized separately as before then mixed tagether

diluted to a final concentration of 1 uM using nanopure water. The result of the

separation is shown below in Figure 23.
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Figure 23. Separation of amyloid beta peptides (740 and A 42)
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Figure 24. Expanded section of Figure 23
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Some separation is evident as can be seen in the expanded section of Figure 24,

however the separation has a poor resolution and the two analytes are indistinguishable.

Results using gold nanoparticles as a pseudo stationary phase

We further explored the separation of the two peptides in the presence of non
derivatized gold nanopatrticles. The gold nanoparticles were centrifageslashed
twice as explained under materials and methods. The nanoparticle pellet was then r
dissolved in 40 mM CAPS buffer which was used as a pseudo stationary phase in
capillary electrophoresis experiments.

Figure 25 shows the separation of a mixture p#A and A 42 performed in 40
mM CAPS buffer at a voltage of 25 kV, 3 sec hydrodynamic injection in non-tiezesa

gold nanoparticles as a pseudo stationary phase.
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Figure 25. Separation of A 40 and A3 42 using bare gold nanoparticles
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Figure 25 above shows separate analyses of{@0Ab) A3 42 and (c) a mixture

of AB 40 and A 42 all at a concentration of 1ImM.
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Figure 26. Expanded section of Figure 25
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The inclusion of bare gold nanoparticles improved the resolution although
differentiation and allocation of the peaks to their respective analyte coube none
without further information.

The next step was to perform the experiments in derivatized gold nanoparticles as
the pseudo stationary phase. Separations were therefore done in fully detivatra
gold nanoparticles and the migration time of the two peptides determinedh€&iestdct

of injection time was revisited using3At0. The result is shown in Figure 27.
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Figure 27. Analysis of A8 40 at 5 and 3 second injection time
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Figure 27 shows electropherograms of (848 performed in 40 mM CAPS
buffer at a voltage of 25 kV, 5 second hydrodynamic injection, and{#0Acerformed
in 40 mM CAPS buffer at a voltage of 25 kV and at a reduced injection period of 3
seconds. Both analyses were performed in fully derivatized gold nanoparieles a
pseudo stationary phase in 40 mM CAPS buffer. As previously confirmed, analyg§is of A
40 peptides with 5 second injections still showed peak tailing. It was thebefibee to
do the CE-LIF experiments with a 3 second injection time period. It was also ndted tha

the peak shapes and migration time reproducibility was much better when exyperime
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were done with derivatized gold nanoparticles using CAPS buffer, compared taugrevi
studies with borate, CAPS only or CAPS with bare gold nanopaticle analyses.

Both peptides were derivatized then mixed at equal proportions at the
concentration of 1 uM for analysis. The migration times of the two peptidedivesre
studied at 40 mM CAPS buffer, voltage of 25 kV, 3 seconds hydrodynamic injection in
fully derivatized gold nanoparticles as a pseudo stationary phase and the results a

shown in Figure 28.

Figure 28. Separate analysis of 40 and A 42 in derivatized gold nanopatrticles
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Figure 28 shows (a) electropherogram @f49 and (b) & 42 in derivatzed gold
nanoparticles. As can be seen in the Figure B8®elutes at 3.5 minutes whileg 42
has a longer retention time under the same conditions and elutes at 4.0 minutes. This
could be attributed to the difference in hydrophobicity and size of the two peptides. The
difference between them is the two additional amino acidspof2amely isoleucine
and alanine that have hydrophobic side chains. These extra amino acigig?n A
possibly increase the hydrophobic interactions of the peptide with the alkghlesaon
the derivatized gold nanoparticles and thereby achieve a longer reténgon t

Finally, having optimized the separations of each of the amyloid beta [gptide
both peptides were mixed together after derivatization and diluted to a conoertfti
KM. Analysis was performed with the electrophoretic conditions being 40 mMSCAP
buffer pH 10, capillary length of 50 cm to detector, voltage of 25 kV, 3 sec
hydrodynamic injection in fully derivatized gold nanoparticles as a psd¢ationary

phase to give the results in Figure 29.
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Figure 29. Analysis of a mixture of 8 40 and AB 42 in derivatized gold

nanoparticles
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Figure 29 shows (a) analysis op A0, (b) A3 42 and (c) a mixture of &40 and
AB 42. All analyses were done at a concentration of 1mM in 40 mM CAPS buffer with
derivatized gold nanoparticles. A clear separation of both peptides is evidenwith(c
AB 40 eluting first at 3.5 minutes, followed by A2 at 4.0 minutes, both peptides are

well resolved.
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Conclusion

Analysis of A 42 in borate buffer with or without gold nanoparticles resulted in
multiple peaks that could have been caused by aggregation of the analyte, leading to
aggregates migrating at different times hence the multiple p€hlswas eliminated by
changing the run buffer to CAPS; a zwitterionic buffer, which allows a good covitiy
while reducing the effect of joule heating. The change in buffer alatiedsn more
reproducible peak shapes; however, peak tailing was evident. Tailing of tiiee grealks
was eliminated by reduction of injection time from 5 seconds to 3 seconds.

Analysis of a mixture of A40 and A 42 in CAPS both with and without gold
nanoparticles resulted in poor resolution of the two amyloid beta peptides, however the
resolution of both analytes was greatly increased when derivatized gold rientegpa
were used in the run buffer, suggesting that the derivatized gold nanoparticlest@ater

differently with each analyte to effect separation.
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CHAPTER VI

CONCLUSION AND FUTURE WORK

Conclusion

It was successfully demonstrated in this work that by the use of derivgtied
nanoparticles, it is possible to exploit the difference in hydrophobicity oftesdly
effect separation in capillary electrochromatography. The choice of ligéedsisorbed
onto the gold nanoparticles is key to determining whether a separation would occur or
not. A prior knowledge of the nature of the analytes involved would make the design of
such specialized pseudo stationary phases easier and more relevantfior spec
applications.

Although CEC has to continuously compete with other separation technologies, it
possesses several positive attributes including its small sample regpiisenapid and
efficient separation among other advantages that if fully exploited a&a ihan

extremely valuable technique.

Significance of the study
The use of biomarkers has become an accepted way for disease diagnosis,
assessment of treatment efficacy and monitoring of disease progiegsaid can

currently diagnose AD with 90% accuracy by using the knowledge of clinicahand t
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behavioral characteristics of the disease, however definitive diagaossty be done

after an autopsy confirming tangles and senile plaques that are clistiacteAD.°

Both AB 40 and A 42 have been shown to be present in blood and cerebrospinal fluid of
AD patients and can be used as reliable biomarkers of AD. Information obtained from
assays of these amyloid peptides can be combined with cognitive assesamlent

neroimaging techniques to improve the diagnosis and monitoring of AD.

Future work

The mixed monolayer on gold nanoparticles studied in this work consisted of
mercaptoundecanoic acid and dodecanethiol. These are however not the only compounds
that can be used in the derivatization of gold nanoparticles. Other thiol texchallay|
chains have also been successfully used in similar W3fR!*!1t is interesting to further
study the effect on separation of gold nanoparticles derivatized with other ligands.
Different head groups other than carboxylic or methyl groups could also present
interesting separation results.

Other than amyloid beta peptides, tau which is a microtubule associated protein
involved in the assembly and stabilization of microtubules has been shown to be an
Alzheimer’s disease biomarker that can be used for diagnosis and trackamgdise
progressior. It would therefore be beneficial to study the separation of both the amyloid
beta peptides and the tau proteins to better understand the relationship between the

different biomarkers.
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Quantitation work of the biomarkers in artificial cerebrospinal fluid caa gn
insight into the complexity of the separation and provide useful information on sample
clean up procedures that may be required before sample analysis. Such work would
optimize separation conditions for analysis of patient samples.

Ultimately the goal is to develop a capillary electrochromatogragathntque that
can be used for the clinical analysis of samples from patients suffesmgzheimer’s
disease and be able to accurately diagnose the disease based on the informatidn obtaine
from the concentration of the different biomarkers in the shortest time possibd¢ a

cost effective way.
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