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Abstract

Abstract

Biological samples recovered at crime scenes may contain unsuspected and valuable
evidence, such as illicit drugs, in addition to nucleic acids. Deoxyribonucleic acid
(DNA) analysis provides valuable information to identify a suspect or victim, as well
as to exclude an innocent individual as the perpetrator of a crime. Identification of
drugs can also be very informative for forensic investigation to determine whether a

perpetrator committed a crime under the influence of illicit substances.

In the field of forensic analysis, sample preparation for identifying both DNA and
drugs of abuse represents a challenge due to limited sample quantity and only trace
levels of target analytes present in the matrices. As a result, an analytical approach
has been developed to enable the combined extraction of DNA and four
amphetamines ~ (amphetamine  [AM],  methamphetamine  [MA], 3/4-
methylenedioxyamphetamine [MDA], and 3,4-methylenedioxymethamphetamine
hydrochloride [MDMA]) from a small amount of sample (50 pl) using a single

extraction procedure.

This study has focused on solid-phase extraction (SPE) using inorganic silica-based
matrices as sorbents to facilitate such sample processing. The advantages of using
inorganic silica-based monoliths are due to the simple fixation of the material in a
column or within a microfluidic device, their mechanical stability with organic
solvents, the availability of simple surface modifications to enable the desired
chemical interaction with the target molecules, and a unique bimodal structure that

allows a large surface area with minimum back pressure.
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A dual-phase SPE method was developed consisting of silica beads modified with
octadecyl groups packed inside a luer lock adapter for amphetamine extraction
coupled in series with a silica-based monolith for DNA extraction within a

microfluidic system for a fully combined genetic and drug extraction system.

The proposed method was effective for the extraction of the target drugs from a
spiked buffer and artificial urine giving an average recovery greater than 70% and
50%, respectively, with high reproducibility (< 15% RSD). The limits of detection
were 0.6 pug ml™ for AM and MA, 0.7 pg ml™ for MDA, and 0.8 ug ml™ for MDMA
with linear calibration curves between 0.625 and 20 ug ml™. The method was also
able to extract DNA from the spiked TE buffer and urine sample with average
extraction efficiencies of 36% and 30%, respectively, which were successfully
amplified via the polymerase chain reaction (PCR). The proposed method is not
only suitable for the combined extraction of DNA and amphetamines from a limited
sample size, but also reduces sample handling and potential contamination. This
method could, in future, be applied to anti-doping analysis for the detection of
doping agents and conducting DNA profiling as evidence to ascertain whether

samples belong to the right athletes.
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Chapter 1: Introduction

1 Introduction

Deoxyribonucleic acid (DNA) analysis and the identification of harmful illegal
substances are required in many clinical and/or forensic toxicology investigations.
Comparison of DNA profiles of suspects or victims (criminal justice samples) with
crime scene samples, for example, is considered essential for the inclusion or
exclusion of an individual from a criminal case such as sexual assault, burglary, or
murder. In addition, toxicology can play a major role in the investigation of the
circumstances surrounding forensic and/or clinical cases. For example, sudden or
suspicious deaths with no obvious cause may be related to poisoning by harmful
substances such as illicit drugs, industrial chemicals, plant poisons, and pollutants.
In most forensic cases, the availability of biological samples may be limited in terms
of quantity or quality (potentially degraded or contaminated), which can act as an
obstacle to DNA analysis and further laboratory investigations where illicit drug
identification is required.® Sample preparation (including extraction) is, therefore, a
crucial step in achieving suitable quantities of target analyte(s) with minimal

contamination.

This chapter (chapter one) presents an overview of the literature related to current
sample preparation methods which are relevant to this thesis (solid-phase extraction
[SPE]) for the extraction of both DNA and the four drugs of interest (four
amphetamines). The chemicals, materials, instruments, experimental set-up and
methods are detailed in chapter two. The results and discussion are divided into two
sections.  Section one (chapter three) describes the evaluation of fabricated
monolithic materials (silica-based monoliths) within a microscale environment for

DNA extraction from decreasing numbers of cells and contaminated samples.
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The second section (chapter four) evaluates the use of a chemically modified
monolith in the extraction of the drugs of interest (four amphetamines) followed by
combined DNA and target drug extraction from a low sample volume.
The main findings are then considered in light of the current literature in the
conclusion (chapter five). The limitations of the work described in this thesis are

reviewed and further research presented in chapter six.

1.1 Forensic Sample Preparation

Biomedical samples and raw materials (such as blood, hair, and plant matter) cannot
be directly analysed with most modern analytical instruments, such as
chromatography and capillary electrophoresis, due to their complex matrices, the low
concentration of target analytes and the presence of potential contaminants that may

3

interfere with the analytical process.” One or more pre-treatment steps are,

therefore, required to extract and pre-concentrate the target molecule (s) in addition
to removing potential interfering compounds by a process called sample preparation.*
This process is very important in the field of forensic analysis, where samples can
suffer from low quantity, contamination, or degradation. The pre-treatment stage
generally accounts for 80% of total analysis time, can be complicated (involving
multiple steps), labour intensive, and time consuming.’> ® Accordingly, if possible,

sample preparation should be made simple with minimal pre-treatment steps,

efficient with high-throughput performance, and show good reproducibility.’
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The analysis of incorrectly prepared samples is responsible for 30% of total analysis
error.?  For instance, during some extraction methods, the eluate is evaporated to
dryness in order to concentrate the analytes, but this step must be avoided if volatile
compounds (such as amphetamines, herbicides and pesticides) need to be detected.® °
Pre-treatment processes depend on the sample and analytes present, and their
compatibility with the analytical technique being used. For instance, genetic analysis
requires disruption of the cellular membrane to release nucleic acids, and a
purification step (extraction) to pre-concentrate the analytes and then remove any

contaminants that can interfere with downstream applications.

Extraction is an essential part of any sample preparation technique, and has the
specific aim of separating the analyte(s) of interest from asample matrix using
extraction methods based on the chemical and physical properties of the analytes.'
Liquid-liquid extraction (LLE) and solid-phase extraction (SPE) are the most
important and commonly used extraction techniques for various types of forensic

samples.t! 2

1.1.1 Liquid-liquid extraction (LLE)

Liquid-liquid extraction (LLE), which was developed in the 1950s, is an established
sample preparation method in analytical toxicology, particularly for extracting drugs
from tissues.”*™® The basic principle of LLE is based on the relative solubility of the
target analyte between two immiscible phases (the sample as the aqueous phase
[polar] and a solvent as the organic phase [non-polar or less polar]) at an appropriate
pH at which the analyte is uncharged. For example, amphetamine is a basic drug

with a pK, value of 9.9,'® therefore the aqueous phase has to be basic to extract


http://en.wikipedia.org/wiki/Matrix_(chemical_analysis)
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analytes from an aqueous biological fluid into a less polar organic solvent such as
ethyl acetate.’” The LLE procedure is accomplished using a mixing technique at a
specific pH for the agueous phase to increase the solubility of the analyte into the
organic layer, so allowing the mixture to separate into two layers (upper and lower)
as shown in Figure 1-1. The organic phase (usually the upper layer) is transferred
into a clean tube followed by evaporation to dryness, prior to reconstitution for
subsequent analysis.'® The LLE technique is still used in many toxicological
laboratories due to its low cost, ease of operation, ability to deal with large volumes,
and the possibility of high selectivity towards target analytes with careful selection of
the organic solvent.'® Nevertheless, there are also many disadvantages, such as
emulsion formation, a highly manual operation with multiple back extractions (i.e., it
Is a labour-intensive and time-consuming technique). Potential problems with the use
of large volumes of hazardous organic solvents, all of which represent limitations in
the use of LLE as a routine extraction procedure, which, in turn, has led to other

sample preparation techniques being developed, such as SPE.?*%
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Figure 1-1: The main steps of the liquid-liquid extraction (LLE) procedure.
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1.1.2 Solid-phase extraction (SPE)

The concept of SPE had been raised for a long time, but did not become a common
scientific technique until 1977 when the Waters Corporation produced disposable

cartridges/columns containing bonded silica sorbents.?* %

The term ‘solid-phase
extraction’ was first introduced by J.T. Baker® Chemical Company employees (Zief
etal.) in 1982.%° It has become the method of choice for sample preparation in many
areas such as clinical, pharmaceutical, environmental, and industrial analysis.?”*
The mechanism of SPE is based on the partitioning of analytes between two phases:
the liquid phase (the sample that contains the analytes of interest) and the solid-phase
(the sorbent).! Purification and pre-concentration are accomplished by adsorption
(attraction) of target analytes onto a solid sorbent, followed by a washing step to
remove all interfering substances that may affect the analysis of the analytes.

Finally, the analytes of interest are eluted (desorbed) from the solid sorbent using a

suitable solvent for subsequent analysis.

The more common use of SPE in comparison with LLE as a method of extraction is
due to a number of inherent advantages, such as low organic solvent consumption,
reduction of potential emulsion formation, simplicity, relative speed (fewer steps),
better removal of interferents, and good reproducibility.®* ** In addition, SPE can be
automated and used for simultaneous extractions of various analytes with different
chemical or physical properties.®® There are, however, drawbacks associated with
this technique, such as cracks occurring in the SPE structure when allowed to dry
during the extraction steps,*® and potential risk of column blockages due to any large

particulates in the sample.*’
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Furthermore, evaporation of the eluate is time consuming due to the use of protic

23, 38

solvents, e.g., methanol, which have low vapour pressure. Despite these

problems, SPE is still used more widely than the LLE pre-treatment technique.*®

1.1.2.1 Solid-phase extraction procedure

The SPE procedure generally consists of a four-step process (see Figure 1-2).
Firstly, the solid-phase sorbent is activated using a suitable solvent; for example,
polar adsorbents are activated with a non-polar solvent, while non-polar adsorbents
can be activated by a polar solvent as this enables solvation of the sorbent functional
groups, removal of any impurities present in the sorbent and any air in the void
spaces.®® The sorbent then equilibrates with solvent that has the same composition as
the loading solvent in order to wet the solid-phase and produce a suitable
environment to maximise the adsorption of the analytes of interest onto the sorbent
phase. It is important to keep the solid sorbent wet before applying the sample;
otherwise, the retention of target analytes will be reduced and the extraction recovery

will be low.*°

In the second step, the sample is applied to the solid-phase (a process called loading)
by different techniques such as pumping, aspiration, application of a voltage, or
gravitational force.** The analytes of interest are then retained and concentrated on
the sorbent based on intermolecular interchange between the solid-phase surface and
the target analytes. This is followed by a washing step, which entails the removal of
any substances that may affect the downstream analysis of the target analytes by
using solvents with a similar strength to that of the loading step to avoid displacing

the analytes.*
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Finally, the analytes of interest are desorbed from the sorbent by disrupting the
intermolecular interaction between the analytes and the solid-phase sorbent with an
appropriate solvent, resulting in elution of the target analytes, which are then ready

for further analysis such as one based on a chromatographic technique.*

CONDITIONING  SAMPLE ADDITION WASHING ELUTION
a1 4
©

Ur 1 i qly

[ Analyte » Interferents »# 0*]

Figure 1-2: Schematic depicting the essential steps for solid-phase extraction.*

1.1.3 SPE mechanisms

There are several mechanisms that are used for the interaction of the analyte of
interest with the sorbent in SPE. In general, sorbents are categorised into normal

phase, reversed phase, and ion-exchange.?
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1.1.3.1 Normal-phase SPE

The solid sorbent (stationary phase) is usually a polar sorbent such as silica (SiO,)y,
alumina (Al,O3), magnesium silicate or Florisil® (MgSiOs), or a silica sorbent

chemically modified with polar groups such as amino, cyano or diol groups.

Polar interactions (such as hydrogen bonding, or dipole-dipole interactions) occur
between polar groups on the sorbent surface and the polar functional groups of the
analyte in a non-polar sample matrix, as shown in Figure 1-3.** Adsorbed analytes

are usually desorbed from the solid-phase with a more polar solvent.

|<:a
/

Figure 1-3: Interaction between a polar unbound sorbent (silica) and a polar
analyte (phenylamine) via hydrogen bonding (red dotted line).%

1.1.3.2 Reversed-phase SPE

In reversed-phase SPE, the stationary phase has non-polar functional groups (such as
octadecyl, octyl, cyclohexyl, phenyl, or butyl) to extract non-polar or moderate polar
analytes from a polar sample matrix using van der Waals or dispersion forces (see
Figure1-4).** Non-polar solvents can then disrupt the interaction force between the

target analytes and stationary phase, resulting in elution of the adsorbed analytes.
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/

Silica

N

Figure 1-4: Interactions between non-polar analytes and non-polar bonded
silica sorbents via van der Waals forces.”®

1.1.3.3 lon-exchange SPE

The surface of the sorbent used for ion-exchange SPE is bonded to ionised functional
groups such as an aliphatic quaternary amine group (—-N*(CHs)3) or an aliphatic
sulfonic acid (-SOg3), or to ionisable functional groups such as primary/secondary
amines or carboxylic acids (COOH).”® The ion-exchange mechanism is based on the
electrostatic attraction between the charged functional groups on the target analyte
and the oppositely charged ion-exchange sorbent, as shown in Figure 1-5. When a
negatively charged molecule (anion) exchanges with a sorbent containing a
positively charged functional group (e.g., -N*(CHs)3), the process is called anion
exchange. When a positively charged molecule (cation) is present in a sample, a
negatively charged functional group (e.g., —SO3’) on the solid support attracts the
cation in a process known as cation exchange. Desorption of the analyte of interest
occurs by either allowing the analyte to be in its neutral form via pH change or by
using a solvent with an appropriate ionic strength that contains ions that compete

with the target analytes for interaction with the ion-exchange sorbents.*



Chapter 1: Introduction
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(A) benzenesulfonic acid-modified silica sorbent
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NN

(B) trimethylaminopropyl-modified silica sorbent

Silica

Silica

Figure 1-5: lon-exchange interactions: (A) strong cation-exchange sorbent and
(B) strong anion-exchange sorbent.?

1.2 Sorbents in SPE

The selection of SPE sorbents is based upon understanding the mechanism of
interaction between the sorbents and the target analytes in the sample matrix, as
explained in section 1.1.3. In general, sorbent materials used in SPE need to be
reactive towards target analytes for good adsorption and, at the same time, should be
reversible for complete elution.* In addition, the solid-phase materials should be
thermally and chemically stable and not affected by the sample matrix or solvents
used in the extraction process.”® Finally, SPE sorbents should have a large surface
area for high contact with the analyte(s) of interest and so that their surfaces can be

easy modified (chemically) for high selectivity towards target analytes.*’

10
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The sorbent materials used in SPE are very similar to those employed in high-
performance liquid chromatography (HPLC) columns. Historically, calcium
carbonate (CaCOs3) was the first sorbent, used by Tswett in 1906 to separate plant
pigment using a process he called ‘chromatography’.*® In the early 1930s, inorganic-
based sorbents (polar sorbents) such as silica, alumina, and Florisil® were used to
pack chromatographic columns. In 1966, Abel et al. introduced non-polar solid
stationary phases by chemically modifying silica surfaces with trichlorosilane
(HSiCls).*® Various sorbents were later developed, but the most commonly used
material is silica, because it has different structural forms and the surface can be
easily modified to increase its selectivity towards target analytes.® ** Therefore, the
focus here is on silica, which can exist in two forms: silica particles (beads) and
silica monoliths. The application of silica to extract DNA and drugs of interest will

be discussed in later sections.

1.2.1 Silica particles

Silicon dioxide (SiOy), also known as silica, is an inorganic polymer which is solid,
porous and granular and exists naturally in some materials such as quartz or can be
synthesised from sodium silicate or silicon tetrachloride.® Silica consists of a
network of siloxane backbone bridges (=Si-O-Si=) with silanol groups (=Si-OH) on
the surface. The silanol groups exist in three forms: isolated (single hydroxyl
groups), geminal (two hydroxyl groups on the same silicon atom), and vicinal (two
hydroxyl groups on adjacent silicon atoms), as shown in Figure 1-6.*> These
hydroxyl groups can form hydrogen bonds with basic compounds, such as those

containing an amino group.

11
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Figure 1-6: Schematic showing the siloxane bridges on the surface of amorphous
silica and the three types of silanol groups present on the surface of silica.>

By consideration of the pK, of silanol (from 4.5 to 8.5), silica is stable over a
narrow range of pH values between 2 and 8.° However, silica particles do not swell
or shrink when exposed to organic solvents and their surface can be easily modified
with a variety of functional groups for appropriate extraction mechanisms (e.g., from

hydrophobic to hydrophilic interactions or ion exchange).*

The silica particles used in SPE are spherical or irregular in shape (size: 40-60 pm in
diameter; pore size 6-12 nm; and an average surface area of 500 m* g*).*" *® To
increase the surface area, a small particle size is required but this can generate high
back pressures, particularly in tightly packed devices when a hydrodynamic pump is
applied.®® To overcome this problem, low flow rates with short diffusion lengths are

used.>® ©°

12
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1.2.2 Monolithic materials

A new structural material has been developed over the last 25 years to overcome the
problem of high back pressures caused by the small silica particles used in packed
columns for liquid chromatography (LC) separation. This material is known as a
‘monolith’. In chromatography, the term ‘monolith’ is used to describe a single
continuous mass of highly porous material typically created by the in situ
polymerisation of monomers.” Depending on the preparation material, monoliths
can be divided into organic polymer-based monoliths and inorganic silica-based

monoliths.

In 1989, Hjerten et al. prepared, in situ, what they called “continuous beds” from
poly(acrylic acid-co-methylenebisacrylamide) within an LC column (30 mm long
and 6 mm in diameter) for chromatographic separation.®® Later, Svec and Frechet in
the early 1990s fabricated what was called “continuous polymer rods”, characterised
by a large pore size to overcome the back pressure generated by the solvent-swollen
acrylic-based material used by Hjerten.”® Several organic polymers have been used
for monolithic fabrication, such as methacrylate, polystyrene and acrylamide.®*
Polymeric materials have several advantages e.g., they are easy to prepare in a single
in situ polymerisation step, and the desired length and shape of the continuous beds
can be achieved by using masks to control exposure to an ultra-violet light source.®®
In addition, polymeric beds are successfully used for chromatographic separation due

to their biocompatibility, and a wide pH range from 1 to 14.% ¢’

However, organic polymers have some drawbacks, such as low mechanical strength
due to swelling or shrinking with organic solvents.®® Therefore, to overcome some

of these drawbacks, inorganic silica-based materials were introduced in 1996 by

13
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Nakanishi and Soga in a “porous silica rod” and by Fields as “continuous column
support”.?® ™ The term ‘monolith’ first emerged in 1993 to describe the cellulose
sponge used for protein separation, and later for many other materials such as
agarose and cryogels.®> ™ Inorganic silica-based monoliths will be described in the

following section.

Monoliths can be categorised, depending on their pore size, as microporous (< 2 nm),
mesoporous (2-50 nm), or macroporous (> 50 nm).”> Organic polymer monoliths
contain only macroporous structures (see Figure 1-7), which are effective for the
extraction and separation of large molecules such as proteins and nucleic acid, but
not recommended for small molecules such as drugs due to poor extraction and
separation efficiency.” In general, extraction of small molecules requires monoliths
with pore sizes ranging from 8 to 10 nm (mesopores), whereas macromolecules need

pore sizes greater than 50 nm (macropores).”

Figure 1-7: Scanning electron micrograph of a polymeric (methacrylate)
monolith showing macropore (red circle).”

14
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However, the internal structure of inorganic silica-based monoliths is characterised
by bimodal pore size distribution consisting of large flow-through pores
(macropores) for high permeability and small diffusion pores (mesopores) for the
desired high surface area, as shown in Figure 1-8.° The bimodal pore structure of a
silica monolith allows for small and large molecules to interact with the internal
surface of the monolith through the mesopores and macropores, respectively. In
addition, the high surface area of a monolith maximises analyte retention and results
in increased extraction efficiency.®* The possibility of controlling the size of the
macropores (or through-pores) enables the maintenance of the required flow velocity
of the mobile phase through the pores, which reduces the column back pressure and

increases the mass transfer kinetics.”” "

In respect of the bimodal structure of
inorganic silica-based materials and their mechanical stability with organic solvents,
the work presented in this study will focus on the solid-phase extraction of a large

molecule e.g., DNA and small molecules, such as amphetamines.
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Figure 1-8: SEM micrograph showing A) the typical porous structure of a silica-
based monolith, B) the macropores or through-pores, and C) the mesoporous
structure of the silica skeleton.®

1.2.2.1 Inorganic silica-based monoliths

Two different methods have been used to produce inorganic silica-based monoliths
in order to generate a single continuous rigid porous structure. The first method was

1.%° to fabricate three-dimensional network structures

introduced by Minakuchi et a
with a bimodal pore size distribution of mesopores and macropores based on the sol-
gel approach reported by Nakanishi et al.®*® Fabrication of a sol-gel monolith by

this method showed a homogeneous internal structure with a high purity (Figure

1-9).
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Figure 1-9: Scanning electron micrograph of silica rods é)ossessing structures
prepared by the sol-gel method. The bar represents 10 pm.*®

In the first method, silica gel monoliths are prepared from metal-organic silicon
alkoxides by simultaneous hydrolysis and polycondensation in order to convert
liquid colloidal suspensions (a sol)® into a wet gel. The most widely used
alkoxysilane precursors for sol-gel preparation are: tetramethyl orthosilicate (TMOS,
Si(OCHj3)y), tetraethyl orthosilicate (TEQS, Si(OC3Hs)4), and
methyltrimethoxysilane (MTMS, CH3Si(OCHs)s).%”  These precursors have an

organic group attached to a negatively charged oxygen linked to a metal atom.®

The sol-gel procedure consists of four steps: hydrolysis of precursors (sol formation),
polycondensation of hydrolysed precursors (gelation), aging, and drying.®*®" Figure
1-10 shows the schematic reaction pathways involved in the formation of a silica gel
monolith. In the first reaction, a liquid alkoxide is catalytically hydrolysed, resulting
in the formation of alcohol and highly reactive silanol groups (=Si-OH), which
undergo a subsequent step in a process known as condensation to produce siloxane

linkage (=Si—O-Si=) and water.”
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Successive hydrolysis and condensation reactions lead to the growth of cyclic

oligomers, which subsequently link together to form a three-dimensional network as

a sol-gel polymer, due to polycondensation behaviour.
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Figure 1-10: Schematic representation of hydrolysis and condensation reactions
of a monomer compound involved in the sol-gel process.?’

A catalyst is required to promote the reaction due to the slow hydrolysis and kinetics

of polycondensation. This catalyst can be an acid, such as acetic acid (CH3COOH) or

nitric acid (HNO3),® or a base, such as N-methylimidazole (CH3CsH3N,)™ .2

Alkoxide precursors are also insoluble in water and, therefore, the presence of a

water-soluble polymer such as polyethylene oxide (PEQO) is necessary to act as a

solubilising agent to form a homogeneous,

single-phase aqueous solution.®’

Additionally, PEO acts as a porogen to form a through-pore template in the silica

ge|.87
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The homogeneous solution can be transformed by fabrication into any desired shape
during the aging step by placing it in a mould, which allows the formation of a rigid
three-dimensional network over a period of days at 40 °C, followed by washing with
distilled water and then treatment with ammonium hydroxide solution in order to
create the mesopore structure.”® * Finally, all the solvents and organic material are
decomposed by heat treatment at high temperature (550-650 °C).** ® The major
drawback associated with this type of monolith is the multi-step process, which
means it is time consuming (five days) and difficult to fabricate a monolith in a

reproducible manner.” %’

The second method for producing inorganic silica-based monoliths was developed in
1996 by Fields. He reported a continuous xerogel silica monolithic column prepared
from a potassium silicate solution to analyse polycyclic aromatic hydrocarbons.”” %
A fused silica column (0.32 mm i.d.) was filled with a dispersed solution of 10 w/w
of formamide (HCONH,) in potassium silicate (K,SiO3) solution and placed in an

oven at 100 °C for 1 hour to allow gelation formation. The column was then washed

and dried with helium for 24 hours at 120 °C.

The surface of the fabricated monolith was functionalised with a 10% solution of
dimethyloctadecylchlorosilane (ODS) in dried toluene and heated at 70 °C for 5
hours. This early work had a relatively low surface area (62 m? g™*) due to the lack
of mesopores on the skeleton structure of the macropores.”® In addition, the
structural morphology of this monolith was less homogeneous than the sol-gel
monolith, which adversely affected the HPLC separation efficiency (see Figure

1_11) .80, 98-100
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Figure 1-11: SEM micrograph of the porous structure of a silica xerogel
column. The bar represents 1 um."

Despite the above-mentioned problems, the advantages of the simpler preparation of

this silica-xerogel monolith within a short time (less than 30 hours)*™*

with good
preparation reproducibility and less observed cracking compared to monoliths
generated by the sol-gel process inspired researchers to generate a silica monolith
that contains a bimodal pore structure and high surface area using this method.>* %
The analytical group at the University of Hull has been using this type of monolith
for the development of micro-reactor technology'® and for DNA extraction

purposes.'® The work in this thesis, therefore, continued to use a thermally activated

potassium silicate monolith for further investigation.
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The surface of this type of monolith can be functionalised with the desired moieties
in order to enhance the selectivity of the sorbents for separation or extraction.™* For
example, introducing amino groups or octadecyl moieties produces sorbents with
ion-exchange or reversed-phase mechanisms, respectively.!®® Simultaneous
extraction of analytes can be performed by using zwitterionic stationary phases or
multifunctionalised sorbents.’® 7 A silica-based monolith can be fabricated inside

% or pipette tips."'° Figure 1-12 shows an

cartridges, spin columns,*® discs,*
example of commercially available SPE formats where each unit has a different
sample capacity and exhibits various mechanisms of interaction with the analyte(s)
of interest. However, advanced techniques have been developed to miniaturise SPE
in an attempt to deal with very limited sample volumes, by introducing solid-phase
sorbents inside a microfluidic device using a silica monolith or small-diameter silica

particles in the range 50-60 pm.""*

Reversed-phase
Strong cation exchanger

Reversed-phase
Strong cation exchanger

Reversed-phase

«—— Monolith \

MonoTip MonoSpin OMIX

(200 pl capacity) (1 ml capacity) (100 I capacity)

Figure 1-12: A photograph of commercially available monolithic silica gel
pipette tips and a spin column showing the optimal sample volume and method
of extraction.™?
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1.3 Microfluidics

Microfluidics refers to the manipulation of small volumes of fluid (10° to 10™° L) in

13 14 As a result of the

a network of channels with micrometer dimensions.
numerous advantages associated with microfluidics, it has been applied in many
research areas such as chemical and biological analysis, medical diagnostics, and

environmental testing.'*®

The benefits of miniaturising analytical tools include a
reduction in sample and reagent consumption, low analytical cost, portability, low
risk of sample loss or contamination, and rapid analysis time.**® ¥ The integration
of multiple analytical processes such as sample pre-treatment, separation and
detection on a single miniaturised device (a few square centimetres) has led to the
concept of a ‘lab-on-a-chip’ or a ‘micro total analytical system’ (WTAS)."® The

HTAS term was first introduced in the early 1990s by Manz et al.**

1.3.1 Physical aspects of a microfluidic system

There are some important features that characterise a microfluidic environment as a
result of scaling down the dimensions.*® Firstly, the surface-area-to-volume ratio is
significantly increased, which can, in some cases, be beneficial (e.g., increasing the

121

surface area for DNA binding)™" or in others can be detrimental (e.g., inhibition of

PCR due to the adsorption of DNA polymerase onto the internal surfaces of the

silicon microfluidic device).'??

Secondly, the transfer time of heat and mass is
greatly reduced, which can be a major advantage for biochemical reactions (e.g.,
PCR).*® Finally, the movement of reagents within the microchannel dimension
using electrokinetic (electroosmotic and electrophoretic) or hydrodynamic pumping

follows the laminar flow regime, which provides precise spatial and temporal control
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of a chemical reaction by allowing the reagents to mix in a controlled region and at a

specific time.’** Within micron dimension channels, viscous forces acting on the

125
d.

fluid become dominant, whereas inertial forces are diminishe The Reynolds

number (R¢) is a dimensionless number that describes the characteristics of fluid flow

as being laminar (well-defined streamlines flowing side-by-side) or turbulent

(unstable) based on the ratio of inertial to viscous forces (Equation 1.1):'%°

v.d
R. = p” Equation 1.1

Where p is the density of the fluid (kg m™), v is the average velocity of the moving
fluid (m s™), d is the diameter of the channel (m), and n is the viscosity of the fluid

(Ns m™).

At a high Reynolds number (Re > 2,000), inertial forces are dominant and turbulent
flow will be observed, whereas at a low Reynolds number (Re < 10) the flow is
laminar (reagent streams flow with a smooth and constant motion), as shown in
Figure 1-13."2" In microfluidic systems where the diameters of the channels are very
small, laminar flow should be expected. Consequently, in the presence of a
concentration gradient between adjacent parallel laminar streams, molecules are
transported across their common interface only by the mechanism of diffusion.*®

123

The Einstein-Smoluchowski equation (Equation 1.2)™° can be used to estimate the

extent of diffusion of a molecule:

X =+/2Dt Equation 1.2

Where x is the distance (m) travelled by a diffused molecule, D is the diffusion

coefficient (m®s™), and t is time (s).
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Equation 1.2 shows that a rapid diffusion time can be achieved when the diffusion
coefficient is large (i.e., with a small molecule). For the same molecular size (the
same diffusion coefficient), a reduction in the channel dimensions can also decrease
the time required for diffusive mixing. For example, scaling down the channel width
from 1 mm to 50 um significantly reduces the time taken for a water molecule to mix

fully by 400 times (from 200 s to 500 ms).*?°

100 um
—

Figure 1-13: Diagram showing A) random, turbulent flow and B) well-defined
laminar flow.'
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1.3.2 On-chip fluid manipulation

The two most commonly used methods of generating flow movement within
microfluidic chip-based systems are through hydrodynamic and electrokinetic

(electroosmotic and/or electrophoretic) forces.'?

Hydrodynamic flow can be
created as the result of off-chip pressure (e.g., syringe pumps connected to a
microfluidic device via tubing and connectors) to mobilise aqueous and non-agqueous
solutions within a channel network.*** The flow profile within a channel is parabolic
due to frictional forces at the channel walls (Figure 1-14 A). The direction of flow is
dependent on the channel geometry and the presence/absence of valves. In
comparison, electroosmotic flow (EOF) is a common technique that is characterised
by bulk fluid movement in the presence of an applied electrical field. All ions and

non-charged species are moved towards the cathode at a different rate, depending on

their charge and size."®

Microfluidic devices manufactured from glass or silica have a negatively charged
surface at a pH > 4 due to deprotonation of the silanol groups (=Si-O’). Positive ions

in the solution are aligned into a double layer, where an inner layer is formed from
cations attracted to the negatively charged internal surface forming the rigid Stern
layer. These cations do not completely neutralise the negative charges at the inner
surface and, therefore, a diffuse layer is also produced which extends towards the

bulk of the solution.*®

When an electric current is applied, the cations that form the
diffuse layer migrate towards the negative electrode, dragging with them the bulk

solution.
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The above motion creates a flat flow profile characterised by homogeneous velocity
across the width of the channel with slow movement very close to the internal
surface wall, as shown in Figure 1-14 B. This technique has the disadvantage of
generating a Joule heating that may lead to band broadening and loss of separation
resolution. Another disadvantage associated with electrokinetic movement is the
generation of gas bubbles in the system as the result of electrolysis at the electrodes,
which leads to a break in the flow and electrical heating.** In this study,
hydrodynamic force was selected for precise control of the flow rate and to avoid the

EOF drawbacks.

negatively charged surface

negatively charged surface

Figure 1-14: Schematic showing A) a pressure flow profile with fast solution
movements in the centre of a channel compared to B) the plug flow profile
where the same velocity is exhibited for all molecules except for those very close
to the internal surface wall when an electrical field is applied.'*
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1.3.3 Microfabrication

A wide range of diverse technologies such as film deposition, patterning, etching,
and bonding are required for the fabrication of microfluidic structures. There are
many factors to consider when choosing the most appropriate technique for
microfluidic device fabrication. These include the availability of fabrication
equipment, suitable substrate materials, process costs and time, and reproducibility of

the fabrication technique.'*" %2

Since microfluidic systems have been applied to a wide range of applications, the
properties of the substrate material can be both diverse and important for the success
of the application, which has led to a wide variety of substrate materials being
developed. The earliest manufactured microfluidic devices were fabricated from
either silicon or glass/quartz materials for their good physiochemical properties, as
well as easy micromachining.** Silicon has high thermal conductivity, allowing fast
temperature ramping which is ideal for performing PCR. However, surface coating
is required, for example with polypropylene, prior to use because bare silicon inhibits
PCR amplification due to adsorption of DNA polymerase onto the internal surfaces
of the microfluidic device.*?* *¥" Silicon substrates are also limited by non-optical

transparency and incompatibility with EOF.*

In order to overcome the disadvantages of silicon substrates, glass is employed as a
substrate material. Glass has good optical transparency, excellent thermal stability,
EOF compatibility, and high resistance to many chemical solvents.**”" % Therefore,
it has been successfully used as a substrate material for the miniaturisation of PCR

and capillary electrophoresis (CE).
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However, glass microdevices also have disadvantages, such as a high cost of
fabrication and the requirement of a high temperature for binding (650 °C).**
Photolithography with wet etching is a widely used technique for manufacturing
glass or silicon chips due to the inexpensive mass production of the devices and

availability of the apparatus required for substrate fabrication."

With advances in the lab-on-a-chip field, new fabrication methods are emerging due
to the diversity of the substrate materials that have been used and a requirement for
low production costs and fast machining processes. Polymers have been developed
as an alternative to silicon and glass substrates due to ease of fabrication, lower cost
compared to glass, disposability, biocompatibility and optical transparency.’?* To
date, widely used polymer substrates for microfluidic applications are
polydimethylsiloxane (PDMS), polymethyl methacrylate (PMMA),
polyetheretherketone (PEEK), and cycloolefin copolymer (COC).*¥ 13* Examples of
the most common polymer fabrication techniques include soft lithography with rigid
photomasking for PDMS microfluidic devices**° or an injection moulding method to

fabricate microfluidic channels with PMMA material.***

There are, however, problems with using polymers for specific applications. During
real-time PCR, for example, PDMS and PMMA generate some background
fluorescence when excited with a halogen lamp, which can lead to decreased
sensitivity to the target fluorescence to be detected.'*® In addition, the permeable

nature of PDMS can lead to loss of samples during PCR thermal cycling.**
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As no single material can be preferable over others for all microfluidic applications,
hybrid substrates have also been developed in order to exploit their comparative

advantages to the full, for instance polymer/glass.'?®

However, for single techniques on a chip such as DNA extraction, it can be easy to
select a substrate based on the most suitable properties. Therefore, in this work,
glass microfluidic devices were used and the method of fabrication is discussed in

detail in the methodology chapter.

1.4 DNA Analysis

The simple forensic serological method (ABO blood typing) for excluding
individuals is not a very useful technique for most forensic cases. Developments in
molecular biology have opened up the field of analysing the chemical composition of
a person’s genetic material, a process known as DNA profiling. This started in 1985,
when Sir Alec Jeffreys developed a highly discriminatory method, later termed
‘DNA fingerprinting’.*** The tandem-repetitive ‘minisatellite’ regions (10-15 base
pairs in length) that Jeffreys had been studying became known as the variable
number of tandem repeats (VNTR). Restriction fragment length polymorphism
(RFLP) analysis is used to study these regions. The technique entails cutting DNA at
sites that surround the VNTRSs using a restriction enzyme to provide different-length

fragments which are then separated by gel electrophoresis.

Although the RFLP method is a powerful tool in the field of paternity testing and
forensic analysis, it suffers from several limitations. First, the method requires large

145

amounts of DNA in a sample (6 pg)™ and cannot be successfully carried out with

degraded DNA molecules.**
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In addition, analysis with RFLP is not ideal for large numbers of biological samples

147

because it is time consuming and difficult to automate,™" especially when a mixture

of biological materials requires serial analysis of a single RFLP locus.**®

More recently, PCR-based methods and markers have rapidly overtaken the RFLP
method in improving the speed, sensitivity and power of discrimination from a low-
quantity or poor-quality sample. Short tandem repeats (STRs), of unit ranges of 2-6
base pairs in length, have become commonly used DNA repeat markers in forensic
laboratories because they are PCR-based and provide a high degree of
discrimination, even from biological material containing mixed or degraded DNA
molecules. In addition, STR typing methods are ideally suited to automation and
involve sensitive fluorescent detection, which enables the simultaneous analysis of

multiple loci.**®

Forensic scientists have now demonstrated STR loci in the form of commercial Kits
to amplify multiplexes simultaneously. The Forensic Science Service (FSS) went on
to develop the so-called ‘First-Generation Multiplex’ profiling system that amplified
four loci (VWA, THO1, F13A1, and FES/FPS) ** with a probability of discrimination
of 1 in 10,000.2® The Second-Generation Multiplex (SGM) that followed was able
to evaluate six STR loci (VWA, THO1, FGA, D8 S1179, D18 S51, and D21 S11) plus

the Amelogenin (gender marker).™

With this system the chance of matching
probability is 1 in 10%. To decrease the matching possibility to 1 in 1 billion
individuals, the AmpFISTR® SGM Plus™ kit (Applied Biosystems, UK) was
produced to analyse 10 common STR loci (VWA, THO1, FGA, D8 S1179, D18 S51,
D21 S11, D3 S1358, D16 S539, D2 S1338, and D19 S433), along with the

Amelogenin sex marker.™!
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An artificial DNA size standard and allelic ladder are also included in the
AmpFISTR® SGM Plus™ kit to provide accurate genotyping for individuals (see
Figure 1-15). The figure shows the number of alleles at each of the amplified loci
and Amelogenin locus and their corresponding fluorescent marker dyes (blue, green,
black and red; the internal size standard is labelled in orange). This type of forensic
DNA profiling represents a powerful method for paternity determination and

identification of individuals.>
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Figure 1-15: Example of the allelic ladder using the AmpFISTR® SGM Plus™
kit with all possible alleles for accurate genotyping.™

31



Chapter 1: Introduction

1.4.1 Nomenclature for STR markers

Nomenclature gives information about locus and is dependent upon whether it is
located within or outside a gene. A locus that is part of a protein-coding gene is
given the abbreviated name of this gene. For example, VWA is found in intron 40 of
the von Willebrand factor gene; FGA is found in the third intron of the human alpha
fibrinogen locus on the long arm of chromosome 4 and the THO is located within the
tyrosine hydroxylase gene in intron 01.'* Those STR markers located outside a
gene are designated based on chromosomal location. For example, the ‘D’ in STR
locus D5 S818 stands for DNA, and the ‘5’ for chromosome number 5. The S’
means it is a single copy sequence and is the 818" locus discovered on that

chromosome.

1.4.2 DNA structure

DNA contains all the genetic information needed for an organism to function and
replicate and is mainly found in the nucleus of a cell, but small amounts also exist in
the mitochondria. Each human nucleated cell contains approximately 6 pg of
genomic DNA.*® In the middle of the 20™ century, Watson and Crick elucidated the
structure of DNA as a double-stranded helix based on X-ray diffraction data.™
Watson and Crick’s proposed structure is composed of two ‘anti-parallel’ strands,
each consisting of a deoxyribose sugar, a phosphate group and a nitrogenous base to
form what is called a deoxyribonucleotide.**® Deoxyribonucleotides are linked by

covalent phosphodiester bonds. A triphosphate group and a deoxyribose sugar

compose the DNA backbone structure.*
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The nitrogen bases consist of two pyrimidines, thymine (T) and cytosine (C), and
two purines: guanine (G) and adenine (A).*® The two DNA strands are held
together by hydrogen bonding between complementary pairings of nitrogenous bases
on opposing strands. A hybridises with T by two hydrogen bonds and C hybridises
with G by three hydrogen bonds (Figure 1-16). The nucleotide has a phosphate
group on the 5 carbon atom of the deoxyribose sugar and a hydroxyl group on the 3
position.”> The sequence order of the nucleotide bases is normally directional from

5t3.

Figure 1-16: Schematic showing the basic components of DNA.**®
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1.4.3 Conventional DNA sample preparation

A wide variety of biological materials can be used as a source of nucleic acids, such
as blood, urine, semen, saliva, hair, and bone.**® In the field of genetic analysis, the
isolation and purification of nucleic acids (DNA or ribonucleic acid [RNA]) from
biological samples is an essential requirement for successful downstream analysis.
For example, the presence of contaminants such as cellular debris and haem proteins

in the sample can inhibit PCR.™’

In addition, pre-concentration of nucleic acids from samples of limited quantity is a
crucial step in most clinical and forensic applications.™ Although each type of
biological specimen may have a different sample preparation technique for DNA
profiling, the general process following biological sample collection involves four
steps: cell lysis and DNA purification, DNA amplification, electrophoretic separation

and fluorescence detection of amplified products.*®

1.4.4 Cell lysis

Cell lysis is the process in which cellular and nuclear membranes are disrupted to
release the nuclear components as a result of external forces, namely mechanical and

non-mechanical.

Mechanical or physical lysis methods include using sonication (high-frequency
sound waves resulting in breakage of the cellular membrane), bead mills (the
grinding action of minute glass, ceramic, or steel beads due to vigorous mixing), and

applying high pressures.'®® Mechanical lysis methods also include exposing cells to
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extracellular osmotic pressure, thermal change either by increasing the temperature

or repeated freezing and thawing, or the application of an electrical field.***

However, the most common methods used for cellular membrane disruption are
based on non-mechanical techniques (chemical and/or enzymatic).'®> Methods
employed in chemical lysis involve using detergents such as Triton X-100 and/or
sodium dodecyl sulphate (SDS) or high concentrations of chaotropic salts such as
guanidine hydrochloride (GUHCI).**® In protein analysis, for example, ionic
detergents such as SDS effectively break open cell walls, resulting in cell lysis, due
to their ability to solubilise cellular lipids and disrupt non-covalent bonds in proteins
in an alkaline medium.*® In addition to solubilising phospholipid membranes, non-

ionic detergents such as Triton X-100 have an effective haemolytic action.*®

However, some applications, such as PCR, can be inhibited by the detergent itself or
the tandem addition of Proteinase K (ProK), which enzymatically denatures proteins.
Chemical cell lysis can also be achieved through the addition of chaotropic salts such
as GUHCI or urea. Chaotropic agents not only increase the solubility of proteins by
disrupting hydrogen bonds and enhancing the hydrophobic effect between and within
proteins,'®® but can also be exploited to inactivate endogenous nucleases that catalyse
the hydrolysis of nucleic acids. Cell lysis can be achieved by enzymatic methods for
organisms that have cell walls in addition to a cell membrane. For instance, lysozyme
can efficiently lyse Gram-positive bacteria, whereas the zymolase enzyme disrupts

the polysaccharide cell wall of yeasts.'®’
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1.4.5 DNA purification

Following the release of nucleic acids from a cell, a purification step is required to
increase the concentration of DNA and minimise contaminants, such as proteins,
haemoglobin and heparin, that can potentially inhibit subsequent analysis such as
PCR.’®® Liquid-liquid (e.g., phenol-chloroform) and solid-phase extraction (e.g.,
chelating resin and silica) are examples of DNA purification techniques used for

most biological samples.

In organic solvent (phenol-chloroform) extraction, double-stranded DNA molecules
are separated from denatured proteins, lipids, and cell debris following vigorous
mixing and centrifugation. DNA is collected from the upper hydrophilic layer
because it is more soluble in the aqueous phase. Although phenol-chloroform is
effective for DNA extraction, the protocol is time consuming due to the multiple
steps of mixing and centrifugation, and requires special precautions (e.g., use of a

hood) due to the hazardous substances involved.™" 1%

SPE techniques using ion-exchange resins, sol-gels, or silica monoliths provide a
reliable standard method for DNA purification in clinical and forensic
laboratories.*®® '™ Chelex® is a cation-exchange chelating resin where positively
charged cellular components have a high affinity with and bind to the negatively
charged resin, whereas negatively charged DNA remains free in the aqueous

supernatant after centrifugation.

Chelex® is composed of a styrene-divinylbenzene copolymer containing paired
iminodiacetate ions, which act as chelating groups due to a strong affinity to
polyvalent metals, such as Mg**, therefore preventing DNA damage by nucleases.

Unlike organic extraction, the Chelex® method is rapid and easy to carry out in a
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single tube, which minimises the possibility of cross-contamination. However, it has
a disadvantage: it yields only single-stranded DNA (ssDNA) due to high incubation

temperatures.**’ 148

Adsorption of nucleic acids onto a solid support such as silica or glass represents the
most widely used extraction method due to the robust and efficient mechanism of
DNA purification from PCR inhibitors.}™ The extraction method using solid support
involves four major steps: (i) conditioning the solid-phase surface with a buffer at a
particular pH, (ii) adsorption of DNA onto a solid support surface with the aid of a
high concentration of chaotropic salt (e.g., guanidine hydrochloride), (iii) removing
impurities that may inhibit subsequent analysis (e.g., PCR) with buffer or organic
solution (e.g., ethanol), and finally (iv) elution of the adsorbed DNA with water or a
low ionic strength solution suitable for PCR amplification.'’> The mechanism for
DNA adsorption onto silica surfaces was investigated by Melzak et al.*”® and was
found to be the result of three factors: the shielding of intermolecular electrostatic
forces, dehydration of both DNA and silica surfaces, and the formation of

intermolecular hydrogen bonds in the DNA-silica contact layer.

Across a wide pH range, DNA carries two negative charges per base pair, which
results from the phosphate diester groups on its backbone.'”* At basic or near-neutral
pH, the surface of silica is negatively charged due to weakly acidic silanol groups,
with an average pK, ranging from 5 to 7."* Therefore, electrostatic repulsion occurs
between the negatively charged DNA molecule and the silica surface. A high ionic
strength solution containing a high concentration of chaotropic agent, such as GuUHCI
or guanidine thiocyanate (GUSCN), dehydrates both the DNA molecule and silica

surface due to the ability of one GUHCI molecule to bind to 10 molecules of water.!"
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The result is a reduction in electrostatic repulsion between the DNA and the sorbent,
positioning DNA adjacent to the silica surfaces. Guanidine hydrochloride also
denatures the hydrogen bonding between the bases of double-stranded DNA,

yielding a single-stranded structure.

Using a high ionic strength solution with a pH < 7,'® below the pK, of silica,
protonation of the silanol groups on the silica surface increases and the result is the
formation of hydrogen bonds between the DNA and silica surfaces that contain more
free and/or vicinal silanol groups.®® Chaotropic agents have also been utilised to
denature cellular membranes and prevent DNA degradation by inhibiting nuclease
activity.'”® A summary of the driving forces for DNA adsorption on silica surfaces is

shown in Equation 1.3.

g

DNA (hydrated) + silica (hydrated) + counterions
neutral DNA/silica complex + water

Equation 1.3

Following nucleic acid adsorption to the solid-phase matrix, a washing step is
required to remove co-adsorbed cellular debris and unbound contaminants from the
solid-phase. Proteins are removed which may also have bound to the silica support
by means of reversed-phase action with hydrophobic siloxane groups (=Si-O-Si=).**°
Finally, purified DNA can be eluted from the solid-phase using a low ionic strength
buffer or water. It should be noted that the presence of any chaotropic salt solution

or alcohol in the elution fractions can inhibit downstream applications (e.g., PCR)

and thus needs to be avoided.®*
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1.4.6 DNA quantification

Accurate quantification of extracted DNA is desirable for successful PCR
amplification. For example, in a 50 pl reaction volume, the amount of template
DNA needs to be in the range between 0.5 ng and 2 ng.'”® Stochastic fluctuation
occurs when insufficient template DNA is added, resulting in ‘allele drop out’.
However, when a large amount of template DNA is added, split peaks (also known
as minus A or n-1 peaks) will result due to the high concentration of amplification

products.**®

Ultraviolet (UV) and fluorescence spectroscopy are the most commonly used
techniques for measuring the total amount of DNA in a sample when species origin
is not important, because they determine both human and non-human DNA (animal,
bacterial, or foodstuff).'”® Double-stranded DNA (dsDNA) absorbs UV light at
260 nm compared with 280 nm for proteins. UV absorption analysis can also provide
information about the purity of DNA in a sample by measuring the optical density

(OD) ratio at 260/280 nm.

A sample is considered to be free of inhibitors and contaminants if the OD
260/280 nm ratio is between 1.8 and 2.'"" The limitations of the UV method are due
to its inability to distinguish between nucleic acids (i.e., it is a non-specific DNA
quantitation method as RNA and proteins absorb UV light at the same wavelength),
and it cannot detect low concentrations of DNA (< 5 ug ml™* DNA solution) such as

those obtained from forensic cases.'’®

Fluorescence spectroscopy methods require an intercalating fluorochrome dye, such
as PicoGreen®, which, when bound to double-stranded DNA, gives a maximum

fluorescence emission peak at 520 nm following excitation at 480 nm.
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Very low background fluorescence levels are seen in the absence of dSDNA. The
main advantage of the PicoGreen® assay is its high sensitivity to very low
concentrations of dsDNA, down to 25 pg mI™.}"® The total dsSDNA quantity is
determined from a standard curve using known concentrations of calibration
standards, unlike the UV method in which DNA concentration is determined by the
direct measurement of optical density. However, fluorescence spectroscopy assay
requires a greater number of preparatory steps and longer incubation time compared
with the UV method. PicoGreen® (Figure 1-17) is also not selective for human DNA

because it detects dsDNA from any other species that may be present in a sample. **

Figure 1-17: Structure of PicoGreen®.”
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1.4.7 DNA amplification

PCR is an enzymatic-based technique developed in 1985 by Kary Mullis to amplify
specific regions of DNA in vitro,'® where a small amount of a particular sequence of
DNA or even a single copy of a sequence can be amplified to billions of copies based

on thermal cycling that involves three critical temperatures.**® #!

First, by increasing the sample temperature to 90-95 °C, the hydrogen bonds between
the DNA double helix are broken, yielding two single strands (two templates) in a
process called ‘denaturation’ (Figure 1-18 A). The sample is then cooled to 50-65 °C,
depending upon the specific primer sequences, which is the optimal temperature for
two oligonucleotide primers to bind or ‘anneal’ to each single strand on a specific
DNA template (Figure 1-18 B).'® The two primers have different sequences - one
for the forward strand and another for the reverse one - so the limits of the amplified

DNA template are defined by the 5" end of the primers.**?

When fluorescence detection is being used, a fluorophore is attached to the 5” end of
the forward primers. Finally, the temperature of the reaction rises slightly to 72 °C,
at which the Taq polymerase, isolated from Thermus aquaticus, catalyses the
addition of deoxyribonucleotide triphosphates (dNTPs) to form a complementary
sequence to the template DNA sequence through a process known as ‘extension’

(Figure 1-18 C).
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Heat t0 95 °C
DNA strands will separate
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Figure 1-18: Schematic of the PCR principle.'®®

42



Chapter 1: Introduction

Common PCR components include template DNA, buffer solution, salts (MgCl,),
four nucleotides, primers and a thermostable DNA polymerase such as the Taq

polymerase (Table 1.1).

Table 1.1: Examples of the optimum concentrations required for commonly
used reagents in the PCR process.

PCR component Information

Most commercial kits optimally require between 0.5
and 2.5 ng of template DNA.*

Template DNA

Acts as a co-factor for Taq polymerase activity. Also
) _ functions to stabilise hybridisation between the primer
Magnesium chloride ) ]
and the template DNA. Typical concentrations are

between 0.5 and 2.5 mM.*®

At least two short synthesised oligonucleotides are
Primers required (18 to 30 nucleotides) in a concentration range
of between 0.1 and 1 pM.**

Consists of four nucleotides (dATP, dTTP, dGTP, and
dCTP), which are sequentially added to form the
dNTPs complementary strand for the target DNA. In addition,
they provide the energy for the PCR reaction.’® The

optimal concentration of each nucleotide is 200 pM.**

A heat-stable enzyme isolated from the thermophilic

Tag polymerase bacterium Thermus aquaticus. The usual concentration

is between 0.1 and 5 units.1#®
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Samples collected may contain different PCR inhibitors, such as haemoglobin
(blood), bile salts and complex polysaccharides (faeces), urea (urine), humic acids
(soil), RNA, lipids, bacterial proteases, or high concentrations of some
anticoagulants (e.g., ethylenediaminetetraacetic acid [EDTA] or heparin].’® The
inhibitors can act on Taq polymerase by different modes of action, such as
inactivation (high concentrations of calcium and magnesium), denaturation (by
phenol or detergents), or by blocking the active site (by haem).'*> Thus, PCR
inhibitors need to be removed or their effects reduced, either by increasing the
concentration of DNA polymerase or by dilution of the sample using proteins such as

bovine serum albumin (BSA).**

Although the main PCR amplification technique used in this study focuses on the
conventional thermocycling method, it is useful in this introduction to mention that
there are several techniques that have used constant temperature (isothermal) for
DNA amplification and these have also been successfully applied in a microfluidic

187

environment. Rolling circle amplification (RCA), loop-mediated isothermal

amplification (LAMP),"® nucleic acid sequence-based amplification (NASBA),**°

self-sustained sequence replication (3SR)'®

and strand displacement amplification
(SDA)™ 192 are examples of isothermal amplification techniques with their own
method of amplification. In this section, RCA is used as an example of an isothermal
amplification mechanism. As demonstrated in Figure 1-19, DNA polymerase
extends a circular DNA template by continuous amplification of an annealed primer
(at 37 °C) around the circular DNA to form a long DNA replicate of the circular

template, which can be cleaved into monomer-length oligonucleotides using a

restriction enzyme.'%®
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As there is no need for thermal cycling, isothermal amplification methods can be
simply designed for battery-operated portable detection systems.'**  Isothermal
methods suffer, however, from several disadvantages that limit their application. For
example, SDA is not suitable for amplifying long target sequences,'®*” LAMP
requires the complex design of four primers,'®> and RCA is more suitable for circular

templates including viruses and plasmids.*®®

5

DNA primer,
10-15 bases
¥
synthetic circular DNA,
26-74 bases in size
DNA polymerase

+ dATPdTTP dCTP dGTP

(+)

cleavage sites

~

J (+) ' +)

5

multimeric repeating DNA, ~12,000 bases long

restriction
endonuclease
cleavage

unit-length oligodeoxynucleotides

Figure 1-19: Schematic description of the RCA process in which a circular DNA
template is continuously amplified to produce long multimeric DNA sequences
that can be cleaved into monomer-length oligonucleotides.**
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1.4.8 Separation and detection of PCR products

The separation of PCR products is performed using electrophoresis, in which DNA
molecules are distinguished from one another according to size using either slab-gel
or capillary methodology. Under the influence of an electrical field, PCR products
migrate through a gel matrix from the cathode to the anode, where DNA molecules
with a low molecular weight move faster than higher molecular weight fractions.*”
PCR products can either be detected using intercalating dyes, such as ethidium
bromide (EtBr), an intercalating agent used to visualise DNA products using short-

wavelength UV light, or by the incorporation of fluorescently labelled primers.

Capillary electrophoresis is a fully automated technique, requiring only a small
amount of sample and reagents and simple sample preparation.**® However, slab-gel
electrophoresis is more commonly used for the analysis of PCR products in
molecular biology and forensic DNA laboratories because capillary electrophoresis
instruments and reagents are expensive and this restricts their use in some

laboratories.

1.4.9 Miniaturised solid-phase DNA extraction

The incorporation of genetic analysis into a microfluidic device has many
advantages: for example, the ability of these devices to process low quantities of
sample, minimum contamination effects due to a closed system, the integration of
multiple processes on single microfluidic devices, and automation.'®” **® Therefore,
a variety of methods have been developed for nucleic acid analysis from simple to

complicated biological starting samples, such as urine, saliva, blood, and tissue.
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Scaling down conventional SPE techniques for DNA purification has led to the
successful creation and development of silica-based SPE beds within microfluidic

systems.!"

Monolithic materials are particularly useful for DNA purification because of the
advantages of a large surface area, controllable pore size, and high mass transfer
from the porous structure.'®® The silica-based forms introduced in micro-solid-phase
extraction (USPE) can be the packing for silica-based monoliths, silica beads, or

immobilised silica beads for sol-gel monoliths.

The effectiveness of miniaturising a silica particle-based (beads) methodology for
DNA purification from a variety of complex biological matrices (white blood cells,
cultured cells and whole blood) was first evaluated in 2000 by Tian et al. using a
capillary-based chamber.® They demonstrated that DNA extraction efficiency is
affected by the size, shape and porosity of the silica beads. Three different types of
silica bead (irregular-shaped particles, spherical-shaped silica resins with 6 nm pores,
and spherical-shaped silica resins with 12 nm pores) were evaluated for DNA

extraction efficiency.

It was shown that irregular-shaped silica beads, followed by 6 nm pore spherical-
shaped silica resins, demonstrated more reproducible DNA extraction efficiency due
to their ease of packing within a uSPE device. However, smaller or more porous
particles (6 nm pores), which offered a larger surface-area-to-volume ratio for
optimal DNA binding, suffered from high back pressures due to their high packing
density. In addition, applying silica beads to microfluidic systems as a solid support

for DNA extraction suffered from poor inter-chip reproducibility.”®
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Incorporating silica-based monolith into a microfluidic device that serves as the
solid-phase for DNA purification was further extrapolated in 2002 by Wolfe et al.*"
The work examined the extraction efficiency, stability and reproducibility of silica
beads (15 um), continuous silica networks produced by sol-gel chemistry, and
combination silica beads/sol-gel matrices by adding silica beads to the sol-gel

precursor mixture prior to the condensation reaction (see Figure 1-20).

Figure 1-20: Different silica materials within microfluidic device chambers: (A)
silica beads, (B) silica beads at 10x magnification, (C) silica-based monolith
using sol-gel, (D) two-step silica beads and sol-gel, and (E) two-step silica beads
and sol-gel at 10x magnification.!"

Figure 1-20 (A) and (B) show images of a microfluidic chamber packed with silica
beads. Silica beads alone showed high DNA extraction efficiency (57.1%), but

decreased reproducibility (standard deviation 43.1%) resulting from compression of
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the particles under flow as multiple extractions proceeded. The alternative approach
of using a sol-gel monolith (TEOS) demonstrated low extraction efficiency (33.2%)
and poor extraction reproducibility due to inadequate mechanical stability (crack
formation in the structure), as shown in Figure 1-20 (C). Sol-gels are defined as
“liquid colloidal suspensions of silica-based materials that can be acid or base
catalysed to gel in place to create a silica network”.**” A combination of silica beads
with sol-gel achieved the highest DNA extraction efficiency (70.6%), with high
reproducibility (standard deviation 3.05%) and good structural stability compared
with using silica beads alone (see Figure 1-20 D and E). However, the use of
bead/sol-gel methodology is a sophisticated multi-step process that requires packing
and restraining silica beads inside a microfluidic device followed by the sol-gel

solution flowed over prior to catalysis.

A two-stage, dual-phase microchip-based system for DNA extraction was reported in

2007 by Wen et al. from the Landers group*®

to overcome the limited capacity of a
monolith for whole blood DNA extraction due to the proclivity of proteins to
undergo non-specific adsorption on silica surfaces. The system consisted of four
parallel columns (2 mm wide, 385 um deep) packed with reversed-phase commercial
octadecyl (C,g)-coated silica beads used for hydrophobic protein capture (stage 1)
connected in a series with (stage 2) a DNA extraction channel (20 um wide, 200 pm
deep) filled with a photopolymerised monolith using 3-(trimethoxysilyl)
propylmethacrylate (TMSPM) and derivatised with TMOS solution to increase the
DNA binding capacity (Figure 1-21).®  The two-phase system completely

eliminates the need for a washing step, which usually requires an isopropanol reagent

that may inhibit PCR, and prevents any potential sample contamination that may

49



Chapter 1: Introduction

occur from switching syringes or tubing. While the combined methodology enabled
DNA extraction from 10 pl whole blood with an efficiency of 69%, the amount of
DNA introduced was high (350 ng) and the system required special instruments to
fabricate a weir (30 um deep) in each chamber of the reversed-phase stage to retain

the silica beads, which is a restriction in some laboratories.

Blood loading
=

Weir

Reservoir 1
(reversed-

phase stage) Elution Arm

Reservoir 3
(monolithic-

phase stage) DNA loading
~ <=

Monolithic Section

i
DNA elution

Connecting Channel

Reservoir 2

Figure 1-21: Dye-filled dual-phase microdevice for integrated protein capture-
DNA extraction from 10 pl of human whole blood. The arrows show the

direction of flow from stage 1 (green) to stage 2 (red). Chip dimensions: 3 cm
(length) x 2.5 cm (width).'" **°
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In 2009, Shaw et al. from the Haswell group at the University of Hull, investigated
the effects of utilising nucleic acid carrier molecules to extract smaller amounts of
pre-purified DNA (25 ng) within a microfluidic environment using silica-based
monoliths prepared in situ from a mixture of potassium silicate (9% K0, 21% SiO,)

and formamide in a 10:1 ratio.*®®

Figure 1-22 demonstrates that the addition of
carrier RNA (ratio 10:1; RNA:DNA) to a limited concentration of DNA during the
loading step markedly increases DNA extraction efficiency in comparison with those
to which no carrier RNA was added. Whilst the use of carrier RNA methodology
shows high DNA recovery from pre-extracted DNA, the use of biological samples

(cells) as starting material can be associated with competition for non-specific

binding sites by other endogenous compounds such as proteins.
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Figure 1-22: Amount of DNA recovered from a silica-based monolith during
the elution step for samples containing carrier RNA (ratio 10:1, RNA:DNA) and
without carrier RNA in comparison with the amount of DNA initially added
(error bar = 3).%8
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Modification of monolithic surfaces with chemical functional groups that possess a
high affinity to DNA has been considered as an alternative mechanism to adsorb
DNA on the surfaces of monolithic supports without the aid of a chaotropic agent

that acts as a PCR-inhibitory reagent.”®

DNA is a highly negatively charged
polymer over a wide pH range due to the presence of two negatively charged
phosphate groups per base pair."™ Therefore, an electrostatic interaction between a
positively charged ion (such as an amino group or chitosan) and negatively charged
DNA can be exploited as a method of DNA extraction. Nakagawa et al. introduced
an amine-coated microfluidic channel for capturing DNA through electrostatic
interaction at an optimised pH 7.5 by coating the internal surface of a silicon
microfluidic chip with 3-aminopropyltriethoxysilane (APTES) or 3-[2-(2-

aminoethylamino)-ethylamino]-propyltrimethoxysilane (AEEA), as shown in Figure

1-23.%0¢

10 mm

Figure 1-23: A microfluidic extraction chip channel 300 um in width X100 mm
in depth; the diameter of the inlet and outlet holes is 1 mm.?*
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After washing the channels with ultra-pure water to remove the proteins, the DNA
was eluted by increasing the alkalinity of the elution buffer to pH 10.6 in order to
neutralise the charge on the amine group and release the DNA. The extraction
recovery of DNA using covalently bonded amine on the solid supports was 45% with
AEEA and only 10% with APTES, because AEEA contains more amine groups than
APTES. Although this was the first approach that avoided the use of chaotropic salts
and organic solvents, the elution of DNA into a highly salted environment is
problematic for subsequent PCR. More recently, in a similar approach, the bioactive
polymer chitosan (obtained by the partial deacetylation of chitin) was covalently
bound to silica surfaces to exploit an anion-exchange mechanism enabling DNA
extraction.’”® The capture and release of DNA were controlled by protonation
and deprotonation of the amino group on the chitosan (pKa 6.3).2 At pH 5, the
amino groups are in a protonated form which is more suitable for DNA binding, but
at pH 9 (a suitable medium for subsequent PCR) the deprotonation form is dominant
and hence DNA is released.®® ?* The chitosan method is ideal for extraction of a
negatively charged molecule such as DNA (with 63% extraction recovery)®*? due to
its hydrophilic nature and the presence of only one protonatable functional moiety
(amino group), as shown in Figure 1-24. However, it is not ideal for positively

charged molecules (such as drugs) when simultaneous extraction is required.

NH, NH

o
OH

Figure 1-24: Structure of chitosan.?®
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In addition to DNA analysis, illicit drug investigations in relation to biological
samples have become important tests following most forensic crimes. Therefore, the
next section will focus on the extraction of amphetamines as one of the most

commonly abused drugs.

1.5 Analysis of Drugs of Abuse

Drugs of abuse are a serious problem all over the world due to their risk to human
health and security.®” In 2012, the United Nations Office on Drugs and Crime
(UNODC) reported that more than 150 million people in the 15 to 64 age range

consumed illicit drugs at least once during 2009 worldwide, with associated

208 | 209

problems of drug dependency and drug-use disorders.”" Kintz et al.”~ and Trujols et
al.?** have described drugs (both licit and illicit) as “chemical weapons” which can
cure or Kill based on the taken dose. According to a United Nations report on drug
control, illicit drugs are those under international control (Schedule | and I1) that are
illegally produced and/or consumed.?* Drugs of abuse can be classified based on
their pharmacological effects or their origin (see Figure 1-25). However, in forensic
drug analysis, there are four pharmacological effect classifications which are

encountered most frequently: hypnotics, such as benzodiazepines; stimulants, such as

amphetamines; analgesics, such as opioids; and hallucinogens, such as cannabis.?*?
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(Drugs of Abus@

Naturally Occurring Semi Synthetic Synthetic

» Opium poppy » Morphine » Amphetamines
» Cannabis » Codeine » Ecstasy

» Coca » Heroin » Diazepam

» Methaqualon

Figure 1-25: Schematic showing the classification of drugs of abuse according to
their source.

Since the end of the Second World War (1945),* amphetamine-type stimulants
have been abused across the world, with a dramatic increase in addiction among the
young and are, therefore, considered to be one of the most trafficked illicit drugs in
the world.?** 2> As well as common amphetamine (AM), there are derivatives such
as methamphetamine (MA), 3,4-methylenedioxyamphetamine (MDA), and 3,4-
methylenedioxymethamphetamine (MDMA, or ‘ecstasy’).”*® According to the 2013
Annual Report of the European Monitoring Centre for Drugs and Drug Addiction
(EMCDDA), an estimated 2.5 million young adults used amphetamine and/or its

related derivatives, such as ‘ecstasy’, during 2012.%

Amphetamines are central nervous system (CNS) stimulants used illegally for their
psychotropic effects (such as euphoria and increased alertness) and as doping agents

in sports due to their sympathomimetic effects.’®

The general intoxication
symptoms of amphetamines are as follows: dependence, hallucinations, depression,

anxiety, hyperthermia, and cardiac arrhythmia, and may also cause death.?18 219
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Amphetamines are also frequently associated with violence and crime.??° Therefore,
the presence of amphetamine and its related derivatives has become an important test
in forensic investigation.”* Twenty-four hours following oral consumption, about
30% of amphetamines are excreted with alkaline urine (pH 6-8) as a parent form of

the drug, whereas in acidic urine (pH 5) this amount increases up to 74%.%2% 223

1.5.1 Screening test for amphetamine analysis

Immunoassays are the initial technique for detecting target molecules directly from
different matrices based on antibody-antigen interaction.??* *> Among several kinds
of detection, including chromatographic techniques, these methods are rapid, simple,
portable, and sensitive.””® The selectivity of immunochemical techniques depends on
the specificity of the antibodies towards the target compound. In recent years,
chemiluminescence (CL) reactions have been used to improve the detection
sensitivity of conventional immunoassays such as enzyme-linked immunosorbent

assays (ELISA) by up to three times.?*’

Since 2000, when Greenway et al.??®

at the University of Hull introduced a
microfluidic device for detecting codeine from an acetate buffer using CL, many
efforts have been concerned with detecting amphetamines from biological samples
within a microfluidic environment. In 2005, Far et al.?*® reported the first use of
ELISA with a chemiluminescent detection technique for the rapid and sensitive

detection of amphetamine in urine and plasma using a disposable plastic microfluidic

device with a total volume capacity of 7 pl, as shown in Figure 1-26.
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Figure 1-26: Schematic showing the experimental set-up of the development of a
chemiluminescent ELISA technique within a microfluidic environment for the
determination of amphetamine in plasma and urine samples. It consists of a
syringe pump, microfluidic device, photodiode detector and readout device
(Prolight Diagnostics AB, Lund, Sweden). The inset photograph shows the
channel configuration of the microfluidic device.??

Briefly, samples (urine or plasma) that contained amphetamines (antigens) were
mixed with a buffered solution of horseradish peroxidase-labelled amphetamine
(amphetamine-HRP) and then flushed through microfluidic channels coated with
anti-amphetamine monoclonal antibodies to allow antibody-antigen interaction. One
of the advantages of microfluidics over a conventional set-up is that it reduces the
antibody-antigen incubation time (competition phase) from a few hours to 10
minutes due to the small diffusion distances. The channels were washed to remove
the unbound amphetamine and amphetamine-HRP. Finally, hydrogen peroxide and
luminol were injected to produce a chemiluminescent reaction and determine the
amounts of bonded amphetamine-HRP. The concentration of amphetamine was

inversely proportional to the intensity of the emitted light signal that was identified
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using a photodiode detector. Although the assay detection limits for urine and
plasma are 20 and 6 ug I}, respectively, immunoassay reagents are expensive and the
method cannot differentiate between the target drug and its derivatives. In addition,
individual sample optimisation is required, e.g., urine samples need to be diluted
1:10 with phosphate buffered saline (PBS) at a high alkalinity (pH 9.2), whereas
plasma requires a 1:4 dilution at pH 7.4 in order to reduce the effect of non-specific

binding (NSB) of matrix components to the target antibodies.

1.5.2 Extraction of amphetamines

The detection of amphetamines in biological samples such as blood, urine, hair,
stomach contents, and oral fluid is important for clinical treatments in the case of
overdose toxicities or for forensic cases as evidence in court. Generally, urine is the
most commonly used sample for drugs of abuse, such as amphetamines, because it

can be obtained in larger volumes compared to other types of biological matrix.

Unlike blood withdrawal, urine is a non-invasive method of sample collection with a
concentration of drugs generally higher than other types of sample; for example,
relatively large amounts of amphetamine have been found in urine (200 times)

compared to those in blood.?*

An immunoassay is usually applied as a preliminary screening method for the rapid
detection of drugs of abuse in urine without any requirement for sample pre-
treatment. However, chromatographic techniques such as gas chromatography
coupled with mass spectrometry (GC-MS) or HPLC coupled with UV or diode array

detectors (DAD) have been employed as confirmatory methods for positive
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immunoassay results in most forensic toxicology laboratories.?®! These
chromatographic technologies require a sample preparation step in order to remove
undesirable sample components that may block the system and to aid pre-
concentration of the target analytes. The two main conventional techniques used for
sample preparation are LLE and SPE. The formation of emulsion, the toxicity of the
organic solvents used, and the inability of the method to be fully automated are,
however, the most likely disadvantages associated with the LLE procedure, and,

therefore, it has become less commonly used in forensic laboratories.?*?

SPE is, however, a widely used extraction method in different fields, including

3 SPE overcomes the drawbacks of LLE as it

clinical and forensic toxicology.?®
requires low solvent volume, there is no emulsion formation, it can show high
selectivity for analytes of interest, it is suitable for simultaneous extraction, and it can
be automated.?* ?** As stated earlier in this chapter, polymer- and silica-based
monoliths can be used as solid-phase materials. However, a silica-based monolith is
the most suitable for the extraction of drugs of abuse. This is because it is more

mechanically stable with organic solvents and more resistant to swelling or

shrinking.?*

Amphetamines are partially hydrophobic basic drugs with a pK, value of almost 10;
therefore, two mechanisms of interaction contribute to retaining analytes on a solid

support.®

With alkaline urine or solvent (pH from 6 to 8), amphetamines are in a
molecular (non-ionised) form and then adsorb to the hydrophobic moiety by Van der
Waals interaction, whilst in an acidic medium (pH < 6) amphetamines are ionised

and interact with the cationic-exchanger moiety by ion-exchange interaction.
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In 1997, Lee et al. evaluated the extraction recoveries of commercial adsorbent
cartridges using reversed-phase (Cg and Cig), strong cation-exchanger (SCX), and
Cg-SCX mixed, to extract AM and MA from urine samples at different pHs.>*” The
highest extraction recoveries for both analytes (> 85%) were obtained with a mixed-
mode sorbent (Cg-SCX) at pH 6, as shown in Table 1.2. With all types of sorbents,
no AM or MA were recovered with strong acid (pH 3) or strong basic (pH 10)
conditions due to the possibility of very tight adsorption. The optimum pH for both
Cis and SCX was 7 to obtain high recovery for the target analytes (about 40%).
Although high extraction recoveries were achieved using a mixed mode, the amount
of urine sample required was high (5 ml), which is not applicable for limited forensic
samples.

Table 1.2: Extraction recoveries of methamphetamine (0.5 pg ml™) and

amphetamine (0.2 ug ml™) with different pH values using reversed-phase (Cg
and Csg), strong cation-exchanger (SCX), and Cg-SCX mixed-phase sorbents.?*’

Cs-SCX mixture SCX Cs Cis
H MA% | AM% | MA% | AM% | MA% | AM% | MA% | AM%
P (RSD) | (RSD) | (RsSD) | (RSD) | (RSD) | (RSD) | (RSD) | (RSD)
5 76.7 74.8 10.8 115 61.4 63.7 16.3 18.1
@3 | 42 | o1 | 06 | ©5 | @3) | 02 | (0.3
6 86.8 88.1 20.3 21.4 19.7 21.3 315 32.8
©2 | an | o5 | @3 | @ao) | @7 | 01 | (04
; 61.5 63.2 48.7 40.2 10.2 13.4 40.9 40.2
(0.7) ©9 | @23 | G | ©2 | ©8) | 01 | (0.9
40.7 43.1 12.8 15.4
ND ND ND ND
o ©2 | ©06) | 2 | (39
10 ND ND ND ND ND ND ND ND
11 ND ND ND ND ND ND ND ND
MA: methamphetamine; RSD: relative standard deviation; AM: amphetamine; ND: not detected
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Since solid-phase micro-extraction (SPME) was introduced by Pawliszyn et al. in
1989,%*® more concern has been focused in the last 15 years to developing micro-
sample preparation techniques using silica materials for forensic samples with
special emphasis on drugs of abuse extraction (including amphetamines). In 2004,
Namera et al. illustrated the use of an octadecylated silica-based monolith column
(TMOS) mounted inside a syringe needle for the extraction of MA from a urine

sample (see Figure 1-27).%

In the loading step, a mixture of urine (150 pl) and
buffer (300 ul, pH 10.2) was introduced into a monolithic column by pulling the
syringe plunger and holding for 30 minutes to allow contact between the aqueous
sample and the surface of the solid-phase. The monolithic column was then removed
from the connector to dry under a vacuum pump for 10 seconds. Finally, the target
analyte was desorbed by pushing 10 pl of organic solvent through using a new
syringe. This approach extracted the MA with a high recovery rate (90%). However,
the process was time consuming due to the sample filtration step to avoid blockage

within the tube and the requirement for incubation. In addition, the use of a high

alkaline buffer (pH 10.2) can dissolve a silica-based monolith.
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Figure 1-27: Schematic drawing of the extraction stages of methamphetamine
using a packed syringe needle with octadecylated monolith.?*®

Kumazawa et al.?*® developed a monolithic silica extraction pipette tip for the
simultaneous determination of AM and MA. In this device, a fabricated TEOS
monolithic silica bar was cut and fixed inside the end of 200 pl pipette tips using
supersonic adhesion and the monolithic silica surface was then chemically modified

with an octadecyl group to give a reversed-phase interaction.
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The results showed that the pipette tips containing the C;g-bonded monolithic silica
had the ability to purify AM and MA from a urine sample (500 ul) containing 1 M
sodium hydroxide with an extraction recovery of 82.2 and 82.9%, respectively.
Although the SPE pipette tips are simpler than conventional SPE cartridges, 25
aspirating/dispensing cycles are required to reach equilibrium between the sample

and the extraction phase, rendering this procedure a time-consuming process.

A spin column packed with a Cig-bonded monolithic silica disk column (TEOS) was
developed by Namera et al.'® for the extraction of amphetamines from urine samples
(500 pl), as shown in Figure 1-28. The proposed method was used for extracting
AM, MA, MDA, and MDMA by adjusting the urine to pH 10 to achieve recoveries
of 92%, 93%, 99%, and 83%, respectively. Multi-step centrifugations (conditioning
of the solid-phase, sample loading, washing, and elution of target drugs) and a large
sample volume were required with a high alkalinity medium, which represented the

major drawbacks of this method.

Sample 0.5 mL
Buffer 0.4 mL

Spin Column

Installation into Centrifuge

Microtube (2ml)

Sample load

Washing " Analysis

=

Figure 1-28: Schematic diagram showing the procedures for the extraction of
amphetamines from urine using a monolithic silica disk in a microtube
holder.**®
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1.6 Aims of the PhD Project

A limited sample volume is a potential problem associated with most of the
biological samples recovered at the scene of a crime in order to perform genetic
analysis and drugs of abuse investigation. While much literature is available on the
miniaturisation of each of the individual extraction techniques for DNA and illicit
drugs analysis, no combined extraction has been reported at any level of sample
volume. The overall aim of the present study was to develop a reliable solid-phase
extraction method for the combined analysis of DNA and four amphetamines in a
limited sample volume using a single experimental process. The specific aims of this

project can be summarised as follows:

* An evaluation of a microfluidic system containing an inorganic silica-based
monolith (potassium silicate) for the extraction of DNA from a small number of
cells without the use of carrier RNA.

» An assessment of silica-based monolith selectivity when a mixture of human and
mouse DNA at varying ratios is extracted.

* Development and validation of a simultaneous extraction method for four
amphetamines of interest from low-volume samples (50 pl) using silica material
followed by HPLC with UV-detector analysis.

* Development of a combined method for the independent purification of four

amphetamines and DNA from a low-volume sample.

The work presented in this thesis is divided into different sections. Firstly, the
materials, instrumentation and methods used are described in the Methodology
chapter. Secondly, the two Results chapters, which are divided into two main

sections presenting and discussing results obtained during the experimental work
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performed for the DNA extraction, followed by combined DNA and drug extraction.
The Conclusions chapter summarises the main results findings with regard to other
research. The strengths and limitations of this thesis are considered and suggested
under Future work. All literature sources used in this thesis are listed in the
References section. Finally, the Publications and Presentations containing scientific

publications related to the work described here.
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2 Methodology

This chapter describes the experimental techniques and procedures used for the work
described in this thesis, detailing (2.1) the chemicals, (2.2) instrumentation and
materials, (2.3) microfluidic chip fabrication, (2.4) DNA analysis and (2.5) drugs

analysis.

2.1 Chemicals
The solvents and reagents used were purchased from the suppliers as shown in Table
2.1. All chemicals were of analytical grade and used as supplied, without any further

purification.

Table 2.1: Chemicals, solvents and reagents used.

Chemical Supplier
Photolithography and wet etching

Ammonium fluoride (40%) Fisher Scientific, Leicestershire, UK

Chrome Etch 18 Chestech Ltd, Warwickshire, UK

Hydrofluoric acid (4%) Fisher Scientific, Leicestershire, UK

Microposit Developer Concentrate Chestech Ltd, Warwickshire, UK

Microposit Remover 1165 Chestech Ltd, Warwickshire, UK
DNA analysis

2-(N-morpholino) ethanesulfonic acid Sigma-Aldrich, UK

(MES)

Agarose multipurpose Bioline, UK

Bovine serum albumin (BSA) NEB Inc., UK

Deoxyribonucleotide triphosphates (dNTPs) | Bioline, UK

Endorsing ink Niceday, USA

Epoxy resin National Adhesives, Eastleigh, UK

Ethidium bromide (EtBr) Fisher Scientific, UK

Ethylenediaminetetraacetic acid (EDTA) Sigma-Aldrich, UK

Formamide Avocado Research Chemicals Ltd,

UK
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Glycerol Sigma-Aldrich, UK
GoTaq(Fj Hot Start Polymerase Promega, UK

Guanidine hydrochloride (GUHCI) Promega Corporation, USA
HyperLadder Bioline, UK

Loading dye MBI Fermentas, Canada

Mus musculus cells

LGC Promochem, Middlesex, UK

Potassium silicate solution

VWR International, UK

Primers

Eurofins MWG Operon, Germany

QIAamp® DNA Blood Mini Kit

Qiagen, UK

Quant-iT  dsDNA High Sensitivity

Invitrogen, UK

Sodium bicarbonate

Fisher Scientific, UK

Sodium carbonate

Fisher Scientific, UK

Tris (hydroxymethyl) aminomethane

Fisher Scientific, UK

Trypan blue

Sigma-Aldrich, UK

Ultra-pure water

Elga Ltd, High Wycombe, UK

Drugs analysis

(+)-methamphetamine hydrochloride

Sigma-Aldrich, UK

2,6-lutidine

Sigma-Aldrich, UK

3,4-methylenedioxymethamphetamine
hydrochloride (MDMA)

Sigma-Aldrich, UK

3,4-methylenedioxy-N-ethylamphetamine
hydrochloride (MDA)

Sigma-Aldrich, UK

3-glycidoxypropylmethylsilane

Sigma-Aldrich, UK

Acetonitrile

Fisher Scientific, UK

Chloro(dimethyl)octadecylsilane

Sigma-Aldrich, UK

DL-amphetamine hydrochloride

Sigma-Aldrich, UK

Hydrochloric acid

Fisher Scientific, UK

Lysine Sigma-Aldrich, UK
Methanol Sigma-Aldrich, UK
Phosphoric acid Sigma-Aldrich, UK
Silica beads Sigma-Aldrich, UK

Sodium acetate

Sigma-Aldrich, UK

Sodium hydroxide

Merck, UK

Sodium phosphate dibasic

Sigma-Aldrich, UK

Sodium phosphate monobasic

Sigma-Aldrich, UK

Tetrahydrofuran

Fisher Scientific, UK

Toluene anhydrous (99.8%)

Sigma-Aldrich, UK

Triethylamine

Fisher Scientific, UK
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Instrumentation and Materials

The instrumentation and materials used for all experiments are listed in Table 2.2.

The instrumental set-up and procedures are described in the subsequent sections.

Table 2.2: Specialised instruments and materials used.

Instrument/material

Supplier

Photolithography and wet etching

B-270 glass Telic Co., USA

Diamond drill Drill Service Ltd, Horley, Surrey, UK

Furnace EF3, Vecstar Furnaces, Chesterfield,
UK

Photomask JD Photo-Tools Printer, Lancashire,

UK

Ultraviolet lamp

Mega Electronics, Cambridge, UK

DNA an

alysis

BabyBee  syringe drivers

Bioanalytical Systems Inc., UK

Disposable plastic syringe

BD Plastipak , Spain

Eppendorf tube

VWR, Leicestershire, UK

EVO 60 scanning electron microscope
(SEM)

EVO 60, Carl Zeiss Ltd, UK

Ethylene-tetrafluoroethylene

Upchurch Scientific, UK

Female luer lock adapter

Kinesis, UK

FLUOstar Optima Plate Reader

BMG Labtech, UK

Gas-tight luer lock syringe

Supelco, Sigma-Aldrich, UK

Gilson GVLab Fixed-Speed Vortex
Mixer

Fisher Scientific, UK

Glass capillary (0.6 £ 0.05 mm ID)

Brand GMBH, Germany

Hettich EBA 21 centrifuge

DJB Labcare Ltd, UK

HU15 horizontal electrophoresis tank

Scie-Plas, UK

Micropipettes

Eppendorf, UK

Microtiter plate

Scientific Laboratory Supplies Ltd, UK

Neubauer haemocytometer

Weber Scientific International Ltd, UK

Omni Swab™

Whatman, UK

Oven

Scientific Laboratory Supplies Ltd, UK

68




Chapter 2: Methodology

pH meter Fisherman Hydrus 300, Thermo Orion,
USA
SEMPRP 2 sputter coater Nanotechnology Ltd, UK
Spectrafuge  mini-centrifuge Sigma-Aldrich, UK
Surface area and porosity analyser Micromeritics Ltd, UK
Techne® Endurance TC-312 Thermal | TC-312 benchtop thermal cycler,
Cycler Techne, UK
Two-piece fingertight fitting Upchurch Scientific, UK
Ultraviolet light transilluminator Syngene, UK
Drugs analysis
785A UV/Visible Detector for HPLC PerkinElmer, California, USA
Fused quartz cuvette Fisher Scientific, UK
Hot plate-stirrer VWR International, USA
LC 200 series binary pump PerkinElmer, California, USA
Prodigy 5 pm ODS-2 150 A, LC | Phenomenex Inc. (Torrance, CA, USA)
Column (150 x 4.6 mm)
Ultraviolet-visible (UV-Vis) spectroscopy | PerkinElmer, California, USA

2.3 Microfluidic Chip Fabrication

The glass microfluidic devices used were fabricated at the University of Hull by Dr
Steve Clark using photolithography and wet-etching processes, as described
previously.’*> A schematic of the fabrication process used is shown in Figure 2-1.
AutoCAD software was used to design the geometry of the microfluidic chip
channels required and the design was then printed as a photomask film using JD
Photo-Tools. The mask was then placed over the top of a 1 mm thick piece of B-270
glass pre-coated with photoresist and chrome layers (total thickness of 120 nm). The
design pattern was transferred by exposing the photoresist layer to UV light for
1 minute in a dark room. The wafer was then submerged in Microposit® Developer
Concentrate diluted in a 1:1 ratio with purified water for 1 minute, followed by
immersion in Chrome Etch 18 solution for a further 1 minute to remove the exposed

photoresist layer and etched away uncovered chrome.

69




Chapter 2: Methodology

A glass etching solution consisting of 1% hydrofluoric acid/5% ammonium fluoride
at 65 °C was then used to etch the exposed glass isotropically to the required depth
(etch rate was approximately 5 um min™). The remaining photoresist and chrome
layers were then removed using Microposit® Remover 1165 and Chrome Etch 18
solution, respectively. Access holes were drilled into the top glass cover plate using
diamond drill bits. The etched base and drilled glass cover plates were thermally

bonded together at 595 °C for 3 hours to complete the fabrication process.

Photoresist Cr & Au
A\ / (A) Cr and Au masked
glass plate coated
Glns with photoresist
* ¢ uv * ¢ Mask
4
e S e s | (B) Sample exposed
Glass to light through a
master mask
T e —— (C) Photoresist
Glass developed
___ (D) Exposed metal
Glass mask etched
(E) Exposed glass
Glass etched
L ;
- (F) Resist and metal
stripped
Glass (G) Glass cover plate
bonded to form
L ;
capilla
Glass R

Figure 2-1: Schematic diagram of the process used for the production of glass
microfluidic devices using a wet-etching technique.?*
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2.3.1 Microfluidic chip design

The microfluidic device designs used were obtained from a previous project carried
out at the University of Hull.**® Hexagonal DNA extraction chambers (4 mm wide,
8 mm long and 100 um deep) were fabricated in glass using the method described in
section 2.3 with channel dimensions of 230 um wide, 8-12 mm long and 100 um
deep (Figure 2-2). The volume of the extraction chamber was 2.4 pul. Access holes
1.5 mm in diameter were drilled in the glass top plate in order to allow the

microfluidic device to be connected to a hydrodynamic syringe pump.

i P

i
)
L
i
I

Access port Q S
(1.5mm) f

\
:
1

Figure 2-2: Photograph showing the glass microfluidic device for DNA
extraction. The extraction is performed in the hexagonal chamber where the
silica monolith is constructed.
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2.4 DNA Analysis

2.4.1 DNA sources and preparation

Two types of cell were used in this work to represent the kind of biological sample

that may be found at a crime scene: human cells and animal (mouse) cells.

2.4.1.1 Human cells

Omni Swab™ was used to collect human DNA from buccal cells by lightly scraping
the inside cheek of a volunteer. Genomic DNA was isolated using a QlAamp® DNA
Blood Mini Kit.*** The sampling end of the Omni Swab™ was placed into a 2 ml
microcentrifuge tube and 600 pl phosphate buffered saline (PBS) was added to the
sample; 20 pl Proteinase K (> 600 mAU ml™) and 600 pul AL (lysis buffer) aliquots
were added to the sample prior to incubation at 56 °C for 10 minutes. Next, 600 pl
of ethanol (96-100%) was added and all the components were mixed together by
vortexing. The lysate was then transferred into a QIAamp Mini spin™ column and
centrifuged to remove the filtrate. The column was then washed sequentially with
AW1 (containing alcohol and chaotropic salt) and AW2 (containing alcohol and

sodium azide) buffers before the DNA was eluted in water.

2.4.1.2 Mouse cells

Mus musculus cells grown in American Type Culture Collection (ATCC)-formulated
Eagle’s minimum essential medium (EMEM) were provided by the Department of
Biology at the University of Hull. Cell populations were counted using an improved
Neubauer haemocytometer (Figure 2-3) and then diluted in EMEM to produce a

range of cell numbers (diluted down from a maximum working concentration of
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1500 cells mI™). The cells were then pelleted and the supernatant removed prior to

the cells being frozen at -20 °C until required.

| $ 0.25 mm

1cm

Figure 2-3: A) Photograph of the Neubauer improved haemocytometer, B) grid
layout of the counting chamber.

2.4.2 Microfluidic chip-based solid-phase extraction

2.4.2.1 Preparation of the silica monoliths

Thermally activated silica-based monoliths were fabricated within the microfluidic

1.1 A thick mixture of

device following the procedure described by Shaw et a
potassium silicate and formamide solutions was prepared in a 10:1 (v/v) ratio by
continuous mixing at room temperature. The device was then filled with glycerol
coloured with endorsing ink for visualisation and the extraction chamber was slowly

filled with the monolith solution until the glycerol had been displaced from the

hexagonal cavity into the attached channels.
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The monolith was cured in an oven at different temperatures (100, 90 and 80 °C) for
15 minutes and then the glycerol was flushed from the channels using an empty 1 mi

plastic syringe.

The microfluidic device was then returned to the oven for overnight incubation to
complete the formation of the solid monolith. The entire device was cleaned and
prepared for extraction by flushing with deionised water and then drying for
15 minutes at 40 °C. A 50 ul gas-tight luer lock syringe was connected to a two-
piece finger-tight fitting and ethylene-tetrafluoroethylene (ETFE 1/16 inch OD x
0.17 mm ID) tubing to the inlet reservoir on one side of the microfluidic device. The
outlet on the opposite side of the device was used to collect the sample. Epoxy resin
was used to hold the ETFE tubing in the drilled holes and to block the other holes.
Hydrodynamic pumping was carried out using BabyBee™ syringe drivers to control

the flow rate injection as shown in Figure 2-4.

Syringe pump

Figure 2-4: Photograph showing the hydrodynamic pumping apparatus on the
microfluidic device used to perform DNA extraction.
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2.4.2.2 Physical characterisation of the silica-based monolith

Scanning electron microscopy (SEM) was used to observe the morphology of the
monoliths. Prior to analysis, a monolith was coated with a 2 nm gold-platinum layer
using a SEMPREP 2 sputter coater to provide conductivity and protect the sample
from beam damage, and then images were taken using a fixed voltage of 20 kV. In
addition, a Brunauer-Emmett-Teller (BET) model using a surface area and porosity
analyser was used to study the physical properties of the monoliths. The surface area
was calculated using BET isotherms of nitrogen adsorption and desorption at 77 K
(Kelvin). The pore volume and pore size distribution were calculated on a
nanometre scale from nitrogen adsorption isotherms using the BJH (Barrett-Joyner-

Halenda) model.

2.4.3 DNA extraction protocol

DNA extraction was performed following the previous work procedure but with
optimised elution solutions.™®® The surface of the monolith was activated with 5 M
GuHCI in TE buffer (10 mM Tris, 1 mM EDTA; pH 6.7) for 30 minutes at a flow
rate of 5 pl min™. Biological samples (human DNA, mouse DNA, or mixed human
and mouse DNA) were diluted with 5 M GuHCI in a 1:9 ratio (v/v) and the mixture
was pumped through the microfluidic device using a 50 pl glass syringe at a flow
rate of 2.5 pl min™ to achieve DNA adsorption onto the silica surface. Cellular and
proteinaceous debris that would inhibit the PCR amplification was removed using
80% ethanol at a flow rate of 5 pul min™®. Finally, deionised water or a low ionic
strength buffer (10 mM TE at pH 8.5)*** was pumped through the device at a flow

rate of 1 pl min™ to elute the adsorbed DNA off the monolith.™
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All analyte fractions from loading, washing and elution were collected in 2 pl

aliquots and quantified for DNA.

2.4.4 DNA quantification

A Quant-iT ™ dsDNA High Sensitivity Assay Kit was used to quantify the DNA that
had been extracted. PicoGreen® is a fluorochrome with maximum excitation at
480 nm and emission at 520 nm when intercalated with double-stranded DNA.>** A
working solution of PicoGreen® dye was prepared by mixing Quant-iT™ reagent with
Quant-iT™ buffer in a 1:200 ratio (v/v). The reaction was carried out in a 96-well
microtiter plate by adding 100 pl of working solution to 2 pl of extracted DNA.
After 5-minute incubation in the dark, the fluorescence emission at 520 nm was
measured using a FLUOstar Optima Plate Reader, the output from which is shown in
Figure 2-5. A calibration curve was constructed using the different DNA standard
concentrations supplied with the kit (10, 8, 6, 4, 2, 1, and 0.5 ng pl™) along with a
blank (0.0 ng pI™) to quantify the DNA present (Figure 2-6). The DNA extraction
efficiency was calculated as the percentage of DNA recovered during the elution step

over the total amount of DNA introduced into the device.
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Figure 2-5: Screenshot showing the FLUOstar software and the position of the
standards, blank and samples following their positions on a 96-well plate.
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Figure 2-6: Quant-iT™ PicoGreen® dsDNA assay calibration curve. The

fluorochrome was excited at 480 nm and the fluorescence emission intensity

measured at 520 nm using a spectrofluorometer.
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2.4.5 DNA amplification

Following DNA quantitation, PCR amplification was carried out (off chip) using a
Techne® Endurance TC-312 Thermal Cycler to evaluate the quantity and integrity of
the extracted DNA. Forward and reverse primers were designed to amplify four loci:
the human Amelogenin gender marker, D21 S11 and THO1, and mouse B-actin
(Table 2.3).

Table 2.3: Primer sequences used in a standard thermal cycler to amplify
human Amelogenin, D21 S11 and THO1, and mouse f-actin.

Oligonucleotide Sequence (5-3")

Forward: CCCTGGGCTCTGTAAAGAA (19)

Human Amelogenin f o orse - ATCAGAGCTTAAACTGGGAAGCTG (24)

Forward: TGTATTAGTCAATGTTCTCCAGAGAC (26)

Human D21 511 | peverse : ATATGTGAGTCAATTCCCCAAG (22)

Forward: GTGATTCCCATTGGCCTGTTC (21)

AUERD V11T Reverse . ATTCCTGTGGGCTGAAAAGCTC (22)

Forward: GCAGCTCCTTCGTTGCCGGT (20)

i Reverse : CCCGCCCATGGTGTCCGTTC (20)

The following concentrations were used over ice to prepare the PCR master mix that

was used for each separate experiment (Table 2.4).

Table 2.4: Concentrations of master mix reagent components.

Final concentration

SO in 10 pl reaction

PCR component :
concentration

component
GoTaq® buffer (pH 8.6) 5 X 1X
GoTaq® Hot Start Polymerase 5U pl™ 01U pl"
| MgCly 25 mM 1 mM
Bovine serum albumin (BSA) 2 pg ™ 0.2 pg pl™
(l?j(:.\(l)%g)bonucleotlde triphosphates Al\'(l)' Fr)nlé:/l _I_escg % 200 uM each of
a’nd T'IlP ATP, CTP, GTP and
TTP
Primers: forward and reverse 10 uM 0.5 uM
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The total volume of each reaction was made up to 10 pl using purified water. An
initial PCR experiment was performed on a conventional PCR instrument (TC-312

Benchtop Thermal Cycler) set at the following programmed temperatures:

Initial denaturation: 95 °C for 2 min
PCR: 95 °C for 1 min
60 °C for 1 min for 35 cycles
72 °C for 1 min
Final extension: 60 °C for 7 min

DNA amplifications were confirmed by gel electrophoresis.

2.4.6 Agarose gel electrophoresis

Gel electrophoresis was used to separate and visualise the PCR products as described
in a previous project carried out at the University of Hull.*®® An agarose gel was
prepared by dissolving 2% agarose powder (w/v) in 0.5 X TBE buffer (45 mM Tris,
45 mM borate, 1 mM EDTA buffer; pH 8.3) and heating the mixture in a microwave
oven for 2 minutes to produce a clear solution. The solidified gel was placed in an
HU15 standard horizontal electrophoresis tank filled with sufficient 0.5 X TBE
buffer to cover the gel (Figure 2-7). A loading solution of PCR products along with
positive and negative controls was prepared by mixing 3 pl of sample with 3 pl of
loading dye solution. A 5 ul HyperLadder™ II DNA molecular weight marker with

bands ranging from 1000 bp to 100 bp was also loaded for size determination.
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The DNA molecules were separated under an electrical field at 100 V until adequate
separation had been achieved and then the gel was stained with ethidium bromide
(50 ul'in 100 ml 0.5 X TBE buffer) for 20 minutes and then visualised by a UV light

transilluminator.
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B\ \
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Electrodes
. ‘.\ A

))

b Maximum Buffer Fill Line 10cm /

Figure 2-7: Photograph showing the components required for gel
electrophoresis.
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2.5 Drugs Analysis

2.5.1 Modification of the silica monolith surface

2.5.1.1 Chemical modification with lysine groups

A 1 cm thermally activated silica-based monolith was produced in a glass capillary
(0.6 £ 0.05 mm ID) and chemically modified in situ with lysine. This was achieved
by first modifying the monolith with y- glycidoxypropyltrimethoxysilane (GPTMS)
to add epoxy groups to the silica surface and then lysine was covalently incorporated
into the silica skeleton via an epoxy ring-opening reaction (the reaction scheme is
showing on page 129). The procedure of the monolithic surface modification was

carried out as follows:?*

1. A mixture of 1 ml of GPTMS and 50 pl of 2,6-lutidine (catalyst; 99%) was added
to 20 ml of dried toluene (99.8%) and pushed through the monolith using a
syringe pump at a flow rate of 2 pl min™ for 1 hour. The monolith was then
placed in an oven at 110 °C for 1 hour; this step was repeated three times and the
final reaction took 15 hours. The epoxy monolith was cooled at room
temperature and rinsed with 1 ml toluene and methanol, respectively, to remove
any residue.

2. To convert the epoxy groups to diols, the monolith was pumped with 0.1 mol | *
hydrochloric acid at 2 pl min™ for 15 hours and then placed in an oven at 60 °C
for 2 hours. The modified monolith was then washed with 1 ml of water and
1 ml of methanol at a 2 pl min™ flow rate in order to remove any excess acid.

3. The modification of the monolith surface with lysine was performed by

continuously flowing a mixture of 1 M lysine solution through the monolith at
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2 ul min™ for 2 hours and was then placed in an oven at 75 °C for a further 2
hours. This step was repeated three times with the final reaction being carried
out for 15 hours at room temperature. The 1 M lysine solution was prepared by
dissolving 4.38 g of lysine (> 98%) in 30 ml of 50 mmol I phosphate buffer
(0.1 ml of 1 M NaH,PO4was added to 1.4 ml of 1 M Na;HPOy; pH 8).

4. The resulting lysine-bonded phase was rinsed with water and methanol prior to

use.

2.5.1.2 Chemical modification with Cyg groups

In order to obtain the reversed phase, silica beads and silica-based monolith were
chemically modified using octadecyl groups (see reaction scheme on page 144), as
described previously.?*® The surfaces of the silica beads were chemically modified
with  Cyg ligands by continuous stirring of a mixture of 1 g
chloro(dimethyl)octadecylsilane and 10 ml dried toluene at 80 °C for 6 hours using a
hot plate-stirrer.  The silica beads were then washed with dried toluene,
tetrahydrofuran (THF; 99.9%), methanol (100%), 50/50 (v/v) methanol/water, and
methanol (100%) in sequence and dried in an oven at 40 °C for 15 hours. The Cig-
modified silica beads (0.01 g) were packed inside a female luer lock adaptor and held
in place using a glass fibre frit, as shown in Figure 2-8. In addition, the
derivatisation of the surface of the silica-based monolith inside the glass capillary
(0.6 £ 0.05 mm ID) with octadecyl groups was performed as described above using a

syringe pump at a low flow rate (1 pl min™).
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Figure 2-8: Schematic of a female luer lock adaptor from A) a side view, and
B) a cross-sectional view showing where the Cjig-modified silica beads were
packed.

2.5.2 Preparation of standard solutions of drugs

Stock standard solutions of the four target drugs - amphetamine (AM),
methamphetamine (MA), 3,4-methylenedioxyamphetamine (MDA) and 3,4-
methylenedioxymethamphetamine hydrochloride (MDMA) - were prepared
separately by dissolving 5 mg of each compound in 50 ml of ultra-pure water to
achieve a concentration of 0.1 mg ml™* (100 ppm). All stock solutions were divided
into small 2 ml aliquots and stored at -20 °C until required. Working standard
solutions of the four drugs were prepared by diluting the stock standard solutions
with ultra-pure water to the desired concentrations, which were then stored at 4 °C.

The chemical structures of all four target drugs are shown in Table 2.5,
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Table 2.5: Chemical structures of the target drug analytes used in this study.

Analyte Chemical structure
AN NH,
Amphetamine |
/
\
Methamphetamine ‘
/ HN\

3,4-methylenedioxyamphetamine
(MDA)

z
T

o O/\O
_/
\4/§

3,4-methylenedioxymethamphetamine
(MDMA)

o\
B

A
§

2.5.3 Solid-phase extraction of the drugs of interest

The steps commonly involved in the SPE procedure are as follows: conditioning and
equilibration of the adsorbent, loading of the sample, removing the impurities
(washing), and eluting the target analyte. All these steps were carried out using a

hydrodynamic syringe pump running at a flow rate of 10 ul min™ (Figure 2-9).

The modified silica beads were activated with methanol for 5 minutes, and then
equilibrated with ultra-pure water for 10 minutes. A mix of the four drugs (50 pl)
with a final concentration of 20 pg ml™ (for each drug) was then adsorbed onto the
bead surface and washed with 50 pl ultra-pure water. Finally, 50 ul of mobile phase
was used to elute the analytes and 20 pl of the eluent was injected directly into the

HPLC system.
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Female luer lock adapter
packed with C,g -modified
silica beads

3cm

Figure 2-9: Photograph of the experimental set-up for the extraction of
amphetamine, methamphetamine (MA), 3,3-methylenedioxyamphetamine
(MDA) and 3,4-methylenedioxymethamphetamine hydrochloride (MDMA)
using packed Cig-modified silica beads

2.5.4 Method developed for drug analysis

2.5.4.1 Optimum wavelength

A UV-visible (UV-Vis) spectrometer was used to determine the A max of each drug.
A fused quartz cuvette was used with an optical path length of 1 cm filled with
20 pug ml™ of a working solution of each drug. These solutions were then scanned

between 200 nm to 400 nm to select the A max.
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2.5.4.2 Optimum HPLC conditions and mobile phase combination

Chromatographic analysis was performed using HPLC with a UV detector consisting
of an LC 200 series binary pump, a PerkinElmer 785A UV/Visible Detector and a
Prodigy” Cig column. In order to obtain the optimal conditions for separation for the
four drugs, a range of mobile phases were investigated, which included the
following: methanol:ultra-pure water (80:20, v/v); 10 mM sodium acetate (pK, 4.75):
methanol (70:30, v/v) at pH 6; and 50 mM phosphoric acid (at pH 4 using
triethylamine):acetonitrile (9:1) under isocratic conditions at ambient temperature
(around 23 °C). The sample injection volume was 20 ul and the flow rate was set at

1 ml mint.

2.5.5 Figures of merit

Method validation parameters, including linearity, limit of detection (LOD), lower
limit of quantification (LLOQ) and precision, were evaluated to ensure that the

results of the method were suitable and reliable for the analysis required.

2.5.5.1 Linearity

For a good method of analysis, the measured signal of analyte should be directly
proportional to the concentration of analyte in the sample within a given range.
Linearity was evaluated using a standard linear calibration curve to establish the
range of concentrations over which a linear response was obtained. This range for
the calibration curve was chosen in accordance with the concentrations of the target

analytes that can be found in the human body. Calibration curve points were

86



Chapter 2: Methodology

obtained in triplicate from working standard solutions of AM, MA, MDA, and

MDMA at concentrations of 0.625, 1.25, 2.5, 5, 10, and 20 ug ml™ for each analyte.

Calibration curves were constructed by plotting the concentration of each drug on the
x-axis against its peak area for response on the y-axis.*’ Linearity was evaluated
statistically by the least squares regression method (Equation 2.1) using Microsoft

Excel 2010.

y=b+mx Equation 2.1%%®

Where y is the signal response (peak area), b is the intercept on the y-axis of the best
fit line for the data, m is the slope, and x is the concentration. Good linearity is

obtained when the correlation coefficient (R) is close to 1.2%°

2.5.5.2 Limit of detection (LOD) and lower limit of quantification (LLOQ)

The lowest concentration of an analyte in a sample that can be detected with the
optimised method and which gives an instrument signal three times greater than the
matrix background (noise) is defined as the limit of detection (LOD).”° The lower
limit of quantification (LLOQ) is the lowest amount of an analyte in a sample that
can be quantitatively determined with acceptable (+ 20%) precision and accuracy.?>*
Usually, the LLOQ is determined as a signal-to-noise ratio of 10:1.>> LOD and
LLOQ were calculated statistically during the evaluation of the linear range of the
calibration curve. In this study, the LOD was calculated using Equations 2.2 and 2.3,

whereas the LLOQ values were calculated using Equations 2.4 and 2.5.%°" %°
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Yiop =Yg +3Sp Equation 2.2
LOD = (yLop — yB)/m Equation 2.3
YiLoq =Yp +10 Sp Equation 2.4
LLOQ = (¥1Log — YB)/M Equation 2.5

Where yg is the intercept, Sg is the standard error of the predicted y-value for each x

concentration in a regression, and m is the slope of the calibration curve.

2.5.5.3 Precision

In order to measure the consistency of the extraction procedure of the silica, its
precision was investigated. Precision is represented by the closeness of the analytical
results (degree of scatter) obtained from multiple measurements of the same
homogeneous samples for the same measure under prescribed conditions.?*® 2>
Precision is usually expressed as relative standard deviation (RSD) under two main
condition aspects, referred to as repeatability and reproducibility, which are also

known as intra-day and inter-day assay precision, respectively.’*®

Repeatability
expresses precision by analysing analytes of interest over a short interval of time, on
the same day, using the same extraction and analytical methods; reproducibility
expresses precision in a similar manner to repeatability, but over longer interval
times (days).>* In this study, the intra-day and inter-day precisions were evaluated
by triple extraction and detection of mixed samples containing low, medium and high
levels (3, 10 and 20 pg ml™) of AM, MA, MDA, and MDMA on the same day and
over five consecutive days, respectively. The RSD for method validation is required

to be within + 15%, except at the LLOQ value where + 20% is acceptable.?*® 2% 25
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3 Results and Discussion: DNA Solid-phase Extraction

In this chapter, the effectiveness of thermally activated silica-based monoliths for the
adsorption of DNA from biological matrices at different levels of volume/
concentration is investigated. The results obtained from different experiments are
presented in the following order: optimising the curing temperature of a thermally
activated monolith and its physical characterisation, solid-phase extraction using a
silica-based monolith in a microfluidic device, DNA extraction and subsequent
elution, and PCR amplification of human DNA contaminated with animal (mouse)

DNA.

3.1 Physical Characterisation of the Silica-based Monolith

Solid-phase extraction (SPE) is one of the most efficient methods in forensic DNA
investigations where a biological sample may be limited in terms of both quantity
and quality.™* " Solid-phase silica in the presence of chaotropic agents, such as
GuHCI, has been widely used to bind DNA to the silica surface followed by washing
to remove potential interferents, and elution of the purified sample using water or a
low ionic strength buffer. Previous work at the University of Hull for DNA
extraction purposes using thermally activated porous silica monoliths was shown to
give good extraction efficiency (about 80%) when carrier RNA was included in the
binding solution.*® The same type of monolith was used in this work but without
the need for the addition of carrier RNA to evaluate situations where biological

samples are limited or contaminated.
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Compared with other procedures for monolith formation, such as polymer-based
monoliths or sol-gel types, potassium silicate thermally activated monoliths are
simple to fabricate. For this study, formamide was added drop by drop into the
potassium silicate solution (21% SiO;, 9% K,0) at a ratio of 1:9 (v/v) with
continuous mixing at room temperature until the formamide was completely
dispersed, and the mixture was then introduced into a glass capillary or a
microfluidic chip and placed in a drying oven for 15 hours. In this procedure,
potassium silicate was disassociated in water to potassium bisilicate and potassium
hydroxide of pH 11.8. The basic solution then hydrolysed the formamide to form
potassium formate and ammonium hydroxide resulting in a gradual reduction of pH
to 10.8. This reduction in pH initiated the disassociated potassium bisilicate to
undergo polycondensation and form the silica monolith backbone.”® The reaction

scheme is shown in Equation 3.1.
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A) Disassociation
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o +
//SI—O + H/ \H —_— O/ ~o-
0 K*
K+
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Equation 3.1: Reaction scheme showing a series of disassociation, hydrolysis
and condensation reactions required to produce a silica-based monolith.%% %’
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As the result of formamide hydrolysis, ammonium hydroxide (NH;OH) is generated
and this will result in the formation of mesopores throughout the monolith structures.
The characteristic features of the monolith were examined based on the change in
temperature of the monolith generation. In this study, three different temperatures
(80, 90 and 100 °C) were investigated to identify the optimal temperature for silica
polymerisation. Figure 3-1 shows the characteristics of silica-based monoliths

prepared inside glass capillary tubes at different temperatures.

As can be seen from Figure 3-1 A, at high temperatures (100 °C), the skeleton of the
silica-based monolith was weak, producing cracks which caused splitting of the
continuous bed of the monolith structure that resulted in a non-homogeneous silica
structure. A very low surface area interaction for adsorption is expected due to
solution passing through the cracks rather than the fine monolith structure. However,
decreasing the temperature of the monolith formation to 90 °C produced a
continuous network in the silica skeleton with a high homogeneity and sponge-like
structure characterised by a different macropore size, as shown in Figure 3-1 B.
With further reduction in the temperature to 80 °C, as shown in Figure 3-1 C, a
continuous structure in the silica skeleton was fabricated but this lacked homogeneity
with small macropore size. Such structures generate a high back pressure when

solutions pass through these small pores.
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Figure 3-1: The surface structure of thermally activated potassium silicate
monoliths created inside a glass capillary at A) 100 °C, B) 90 °C and C) 80 °C.
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BET analysis was used to confirm an appropriate temperature that would produce the
overall highest surface area. BET surface areas were determined for thermally
activated potassium silicate monoliths prepared at 80 °C and 90 °C, but not 100 °C
because of the cracking observed. It was found that the average surface area for
silica-based monoliths prepared at 90 °C was higher (297 m? g*) than for those

prepared at 80 °C (176 m* g™).

BJH adsorption analysis was used to determine the overall pore size distributions of
the silica-based monoliths. The average pore size of silica monoliths prepared at
90 °C was 18 nm (mesopores), and the average pore volume of these monoliths was
0.79 cm® g*. These results can be compared with monoliths prepared at 80 °C,
for which the average pore size and pore volume were much lower (10 nm and
0.37 cm® g™ respectively), which explains the generation of back pressure when the
solutions were forced through the porous monolithic media. As the monolith had
cracked at 100 °C, BJH adsorption was not performed for this structure at this

temperature.

Since monolith formation at 90 °C offered a silica-based monolith with suitable
macropores and a high total surface area, this was selected as the temperature for the

formation of thermally activated potassium silicate monoliths.

In terms of reproducibility, three different batches for monolith fabrication at 90 °C
were examined. The results appeared to be very similar in terms of general
morphology under SEM, as shown in Figure 3-2, with acceptable RSDs (< 10%) for
the physical properties (specific surface area, pore size, and pore volume), which
indicated the reproducibility of the preparation procedure for the potassium silicate

monolith.
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Figure 3-2: SEM micrographs of three silica-based monoliths A) to C) prepared
at 90 °C.

95



Chapter 3: Results and Discussion - DNA Solid-phase Extraction

3.2 Solid-phase Extraction

This section evaluates the performance of the thermally activated potassium silicate
monoliths fabricated at 90 °C for the isolation and detection of low copy numbers of
mouse DNA within glass microfluidic devices using hydrodynamic pumping, as
shown in Figure 2-4. In addition, a selectivity study was also performed using mixed
biological samples containing both human and mouse DNA at different

concentrations.

3.2.1 Optimal extraction conditions

Under ideal optimal conditions, an extraction profile would see the entire DNA
retained during the loading and washing steps and then fully recovered at the elution
step (the distinct peak), as shown in Figure 3-3. Preliminary experiments were
carried out by placing a potassium silicate monolith within a glass capillary and

using 5 pl purified human DNA (at an average concentration of 4.8 ng pl™).
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Figure 3-3: Example of an ideal DNA extraction profile
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Initial results showed that the DNA extraction efficiency was low (22.6 = 6%) with
minimal DNA being lost during the loading and washing phases using experimental
conditions previously identified in a project carried out at the University of Hull for a
thermally activated monolith (as described in section 2.4.3).™® Evidence from this
work indicated that DNA was retained on the monolith surface during the elution
step. This result pointed, therefore, to the need to optimise the elution conditions,

which can be one of the crucial steps in obtaining high DNA yields.

The adsorption of DNA onto silica via hydrogen bonds is achieved by reducing the
electrostatic repulsion between the negatively charged DNA and the negatively
charged silanol groups on the silica surfaces using a buffer with a pH (6.7) lower

174 to increase the

than the theoretical pK, of the surface silanol groups (7)
protonation of the silanol groups on the silica surface in the presence of a chaotropic
agent.”® Contrary to adsorption, DNA can be eluted efficiently using a low salt
concentration buffer in alkaline media at a pH not higher than 9. Water or an
elution buffer that contains a sufficient amount of counter ions would, therefore, be
able to break the hydrogen bonding between the DNA and the silica surfaces for
DNA recovery due to deprotonation of the silanol groups. It was found that a low
ionic strength buffer consisting of 10 mM TE at pH 8.4 was able to elute 45.6% of
the adsorbed DNA compared to 22.6% DNA extraction efficiency when purified
water (pH 5.5) was used, as shown in Figure 3-4. The TE buffer was composed of
Tris (to maintain the pH) and EDTA (as a chelating agent). EDTA chelated Mg?*
which is essential for nuclease function and prevented DNA from degradation. In

addition, TE at pH 8.5 did not require any further steps such as precipitation and the

eluted DNA could be used directly for PCR processing and subsequent analysis.
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Figure 3-4: Effect of pH and ionic strength on the elution of DNA. Each
experiment was carried out in triplicate. Error bars represent the standard
deviation (n = 4).

3.2.2 Breakthrough curve

While the surface area available on the potassium silicate monoliths for DNA
binding is high (297 m? g%), the presence of proteins in a biological sample can
decrease the binding sites available for DNA capture and eventually decrease the
DNA extraction efficiency. Therefore, it is important for a DNA extraction method
to provide a reasonably high DNA binding capacity to cope with the competition
from proteins for DNA binding sites. The thermally activated potassium silicate
monolith cured within the microfluidic device shown in Figure 2-2 was, therefore,
investigated for DNA binding capacity using human DNA. A pre-conditioned
monolith was loaded with 3.43 ng ul™ of purified human DNA prepared in an
equilibration buffer (5 M GuHCI in TE buffer; pH 6.7) at a flow rate of 2.5 pl min™
and then fractions of 4 pl of the extract (corresponding to 13.72 ng) were collected

from the outlet of the device.
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The collected fractions were quantified using PicoGreen® assay to identify the
breakthrough profile. The breakthrough point, the point at which the amount of
DNA in the collected fractions gradually increases, was calculated using a
breakthrough curve, as shown in Figure 3-5. Breakthrough occurred after 144 pl
(494 ng of DNA) of continuous sample loading within a microfluidic chip device that
contained 600 pg of potassium silicate monolith, which corresponded to 823 pg
DNA g* of monolith weight. As can be seen from the curve, no plateauing
(13.72 ng) of the DNA recovered was achieved even with 344 pl (about 1.18 pg) of
purified DNA being continuously loaded. This high binding capacity result will be
applicable for most biological samples, including forensic cases which typically

contain less DNA than the capacity of this monolith.
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Figure 3-5: DNA breakthrough curve providing the continuous loading
capacity of 13.72 ng of purified human DNA on a 600 pg monolithic
microfluidic device. Error bars shown represent the standard deviation (n = 4).
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3.2.3 Figures of merit for the DNA analysis

The validity of the DNA assay using PicoGreen® dye was investigated in order to
determine the ability of the FLUOstar Optima Plate Reader to detect low quantities
of DNA as compared to Figure 2-6. A calibration plot using the DNA standards kit
at the following concentrations: 2, 1, 0.5, 0.25, 0.125, 0.0625, 0.03125 and
0.0156 ng pl™ against fluorescent intensity was constructed (see Figure 3-6). LOD
and LLOQ were calculated using Equations 2.2, 2.3 and 2.4, 2.5, respectively. It was
found that the assay could detect (LOD) down to 0.18 ng with a confidence

quantification (LLOQ) of 0.59 ng of DNA.
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Figure 3-6: Calibration curve of kit DNA standards using PicoGreen® analysed
using a FLUOstar Optima Plate Reader over a low concentration range from
2 t0 0.0156 ng pl™.
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3.2.4 Cell lysis

To promote DNA adsorption to the silica surface of the monolith, a chaotropic salt
(GuHCI) was added which also enhanced cell lysis. The addition of a chaotropic salt
commonly eliminates the requirement for additional complex cell membrane

disruption techniques such as mechanical cell lysis.?**%®

In this study, mouse
neuroblastoma cells (tumours that develop from nerve tissue) were added directly to
GuHCI in order to rupture the cellular membrane structure and release nucleic acids.
The suitability of GUHCI for achieving lysis of cell membranes was investigated by a
trypan viability assay using a standard haemocytometer and transmission
microscope.?®®  The results showed that the chaotropic salt was a highly effective
method for disruption of a mouse neuroblastoma cell membrane (as shown in Figure
3-7) because the intact cell membranes did not absorb trypan blue and appeared
colourless (Figure 3-7 A), whereas the dye was absorbed by the lysed cells and

cellular debris after adding 5 M GuHCI and easily distinguished by their blue colour

under the microscope (Figure 3-7 B).

Figure 3-7: Photographs showing the integrity of neuroblastoma cell walls
before A) and after B) adding 5 M GuHCI. Bar =100 pm.
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3.2.5 Extraction of mouse DNA

Biological samples recovered for forensic analysis or clinical diagnostic applications
can be limited in terms of the amount and quality of DNA present. The use of
monoliths within a microscale environment offers an increased surface area available
for achieving maximum DNA adsorption and resulting in efficient DNA extraction.

158 salmon sperm DNA?*? or

Carrier molecules such as ribonucleic acid (RNA),
glycogen®®® have been shown to enhance DNA vyield during extraction. The ultimate
aim of this chapter is, however, to evaluate a microfluidic system containing an

integrated silica monolith for the extraction of minimal cell samples without the need

for the addition of carrier molecules.

An initial study was required to determine the typical amount of DNA present in a
cell. In order to enable calculation of DNA extraction efficiencies, it was necessary
to determine the total amount of DNA initially added to the system. Five diluted cell
populations of 1,000 mouse cells were lysed by 5 M GuHCI and the total amount of
DNA released was quantified using a Quant-iT'™ PicoGreen® dsDNA Assay Kit.
The mean amount of DNA per Mus musculus cell was found to be 50 pg. DNA
extraction was then performed using decreasing numbers of mouse cells (from 1,500
to 62 cells) in order to evaluate the performance of the potassium silicate monolithic
fabricated within a microfluidic chip to deal with limited sample size or DNA
concentration. The extraction procedure was described in section 2.4.3. Table 3.1
summarises the resulting data for DNA extraction for different numbers of cells
during the loading, washing and elution stages. The values represent the mean of

three measurements and the RSDs.
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However, although the fabricated monolith offered reasonable DNA extraction
recovery during the elution steps ranging from 14.81% to 84.31%, it exhibited a lack
of reproducibility as the RSDs were more than 15%. This can be attributed to
difficulty in positioning the monolith within the microfluidic device and the
likelihood of air bubble formation between silica network structures of different
sizes. The presence of bubbles within the monolithic structure represented a major
problem, as the surface area for DNA capture varied from one microfluidic device to

another and this resulted in poor extraction reproducibility.

Table 3.1: DNA extraction efficiencies from different numbers of mouse cells,
including relative standard deviation (RSD). ND: not detected (n = 3).

Number of cells Average DNA detected during:
(amount of
DNA) Loading Washing Elution
(RSD) (RSD) (RSD)
1,500 3.60% 4.05% 16.26%
(76.70 ng) (6.50) (8.21) (13.57)
1,000 4.53% 7.47% 14.81%
(49.79 ng) (3.34) (14.43) (19.3)
500 6.58% 7.10% 18.50%
(28.96 ng) (3.65) (5.41) (16.1)
250 3.08% 13.90% 43.10%
(14.48 ng) (3.74) (4.91) (15.28)
125 4.30% 15.24% 47.99%
(7.24 ng) (5.55) (6.2) (6.22)
62 84.31%
(3.62 ng) D ND (15.12)
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An elution profile of 1,000 mouse cells is shown in Figure 3-8.2%* From the figure it
can be seen that a minimal amount of DNA passed through the system during the
binding and wash phases, indicating successful adsorption. A distinct peak, showing
release of DNA, is present during the elution step, which was used to calculate the
efficiency of the extraction process. DNA extraction efficiencies were then
expressed as a percentage of the amount of DNA recovered during the elution step

compared to the initial amount of DNA added to the system.
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Figure 3-8: Average DNA elution profile for DNA extracted from 1,000 mouse
cells using a silica-based monolith within a microfluidic device showing binding
(1-8), washing (9-15) and elution (16-24) stages (n = 3).%*

Previous research using microfluidic devices containing silica-coated paramagnetic
particles had shown a linear relationship between DNA loaded onto the system and
DNA recovered in the range of 25-400 ng when a large volume (500 ul) was

introduced to the system.”®®
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The work presented here is in concordance with these data but goes further in
showing that as little as 4 ng of DNA, equivalent to 62 cells, can be trapped and
released from such a system. At reduced cell numbers in the range between 1,500
and 62 cells, the efficiency of the DNA extraction process was shown to increase,

particularly at 250 cells or fewer, as shown in Figure 3-9.%%*
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Figure 3-9: Graph showing how DNA extraction efficiency is affected by
changegeiln the number of cells. Standard deviations are shown using error bars
(n=3).

The results indicated that both the amount of cells loaded and DNA extraction
efficiencies followed an inverse relationship. As low cell numbers were used, the
amount of DNA that was recovered during the elution phase increased. Hence, the

methodology was demonstrated to be effective at dealing with limited DNA samples.
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This trend is thought to be due to the presence of large molecules in the sample, such
as proteins binding irreversibly to sites on the surface walls of the microfluidic
device or monolith. At high cell numbers, the amounts of proteins are also high and
compete for most of the binding sites available, resulting in a reduced number of
sites available for DNA capture. However, at low cell numbers, more binding sites
are available for DNA. In addition, the observed trend may be due to the presence of
reversible and irreversible binding sites for DNA adsorption. The low levels of DNA
binding are carried out by reversible rather than irreversible binding sites on the
silica, % a trend which diminishes with increasing amounts of DNA as the reversible
sites preferentially fill. Accordingly, with low DNA concentrations, more reversible
binding sites are involved, giving correspondingly higher release efficiency. As
shown in Table 3.1, at high numbers of cells, total DNA recovery during the three
phases of the extraction process was not equal to the amount of DNA initially added
to the system. This hypothesis is in good agreement with the observation that in the
presence of carrier RNA, DNA extraction efficiency increases due to selective
irreversible binding of the RNA, which in turn improves the elution efficiency of

DNA. 18

3.3 DNA Amplification

Prior to DNA amplification, optimisation of PCR components such as magnesium
chloride, buffer, dNTPs, enzyme and template was required. An initial study was
carried out to optimise the concentration of MgCl, as it is an essential co-factor of

DNA polymerase in PCR; the concentrations of the other components were fixed.
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Optimisation of PCR was carried out on the B-actin mouse gene (135 bp; chosen
using the NCBI Probe database) using varying concentrations of MgCl, (1.75, 1.50,
1.25, 1 mM and 0.75 mM) prepared from a concentrated stock solution (25 mM) to
achieve a total volume of 10 pl per reaction. Table 3.2 shows the concentrations of

PCR reaction components.

Table 3.2: Five different concentrations of magnesium chloride used with the -
actin mouse gene set.

Reaction | pop1 | pcr2 | Pcr3 | Pcr4 | PCRS
component
MgCl, 1.75mM | 15mM J125mM |1 mM |0.75 mM
O©.7ul) | ©6u) | O5ul) | @©4pu) | (0.3ul)
(;OIBILFI)\;) 0.2 ul 0.2 ul 0.2 ul 0.2 ul 0.2 ul
BSA
(02 pg i) 1l 1l 1l 1l 1l
GoTaq
enzyme 0.2 ul 0.2 ul 0.2 ul 0.2 ul 0.2 ul
(0.1Uplh
GoTaq
buffer 2 ul 2 ul 2 ul 2 ul 2 ul
(1 X)
Forward
p-actin 0.5 ul 0.5 ul 0.5 ul 0.5 ul 0.5 ul
(0.5 uMm)
Reverse
B-actin 0.5 ul 0.5 ul 0.5 ul 0.5 ul 0.5 ul
(0.5 uM)
Mouse
DNA 1.3l 1.3 ul 1.3 ul 1.3 ul 1.3 ul
(3ng pl?)
Water 36ul | 37w | 38w | zouw | 4w
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The PCR was then performed on a Techne® Endurance TC-312 Thermal Cycler set
as described in section 2.4.5. The results, following slab-gel electrophoresis, showed
successful amplification of the size ladder (at the far left lane of the gel) and some of
the p-actin genes at different concentrations of MgCl, (see Figure 3-10). As expected
with the negative control (far right lane of the gel), there was no amplification
because no DNA was present for the ethidium bromide to intercalate with and,

therefore, no bright band was seen under UV light.

The gel analysis indicated that the amplification of B-actin gene (135 bp) decreased
as the concentration of MgCl, decreased. This trend is probably due to the low
number of free magnesium ions present at 0.75 mM and 1 mM, which is insufficient
to activate the Taqg polymerase enzyme. The optimum concentration of MgCl, for the
[-actin gene was found to be 1.25 mM for the best band intensity, compared with 1.5
mM and 1.75 mM (Figure 3-10). With high MgCl; concentrations (i.e., 1.5 mM and
1.75 mM), the base pairing becomes too strong and that may prevent complete
denaturation of double-stranded DNA during the denaturation step. In addition,
concentrations that are too high allow the primer in non-specific binding and result in
multi-band amplification when visualised on an agarose gel. However, with
insufficient MgCl, concentration, the primers failed to anneal to the target DNA and
resulted in a lack of PCR products or no product bands observed on

electropherogram.
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Size 1.75mM 1.5mM 1.25mM 1mM 0.75mM Negative control
ladder

R-actin (135 bp)

Figure 3-10: Electropherogram showing PCR products for amplified mouse
gene with different MgCl, concentrations.

Once the PCR components were optimised, 2 ul aliquots of extracted DNA for
different numbers of mouse cells (1,500-62 cells) were collected and then added to
8 ul of PCR reagent mixture for thermocycling amplification. The amplified PCR
products were then separated according to their size, using gel electrophoresis.
Figure 3-11 shows the successful amplification of the B-actin gene (135 bp) from
both low (16%; Figure 3-11 A) and high (84%; Figure 3-11 B) extraction
efficiencies. This indicates that the use of a potassium silicate monolith was efficient
at removing PCR inhibitors and eluted DNA in sufficient quantity and quality for

amplification even from low DNA recovery (16%).
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Figure 3-11: An electropherogram showing successful amplification of the -
actin gene from A) 1,500 and B) 62 mouse cells. Lane 1-8: sequentially eluted
samples; (+ve) p-actin positive control; (-ve) negative control.
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3.4 Effect of Mixed DNA

In complex forensic cases where blends of biological samples from different mixed
species occur, such as in mass disasters where human DNA is contaminated with
animal DNA, it is important to investigate the efficiency of thermally activated
potassium silicate monoliths within the micro-scale environment in extracting target
DNA. These types of samples are also particularly relevant in forensic applications
where human remains are in the soil and can be contaminated with those of other

species.

In this study, the contamination of human DNA with mouse (Mus musculus) DNA at
different ratios was evaluated: for instance, high concentrations of human DNA in
the presence of low concentrations of mouse DNA, an almost equal amount of both
species of DNA mixed together, and, finally, a low amount of human DNA added to
a high amount of mouse DNA. DNA extractions were performed as described in
section 2.4.3 and the DNA eluted at different ratios was collected for PCR

amplification.

The results of DNA extraction from the three different ratios of mix during the
loading, washing and elution stages are shown in Table 3.3. The values represent the
mean of three measurements and the RSDs. Interestingly, it was found that the
addition of human DNA to mouse cells was in the same manner of extraction as
mouse DNA alone (section 3.2.5), and this supports our previous hypothesis on page
106, which are that on a silica solid-phase matrix, there are always a certain number
of reversible sites preferentially filled by nucleic acids before the irreversible ones
and with the presence of proteins most of these binding sites that available for DNA

capture are reduced.
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Table 3.3:

including relative standard deviations (RSDs) (n = 3).

DNA extraction efficiencies from various levels of mixed DNA,

Loading Washing Elution
(average % | (average % | (average %
+ RSD) + RSD) + RSD)
24 ng human DNA + 3.62 ng
mouse DNA (62 cells) 2+6.77 248 £8.42 |22.64 +14.25
24 ng human DNA + 28.9 ng
mouse DNA (500 cells) 3.82+£6.80 | 2.37+7.60 | 18.62 +13.93
24 ng human DNA + 76.7 ng
mouse DNA (1,500 cells) 3.77+£6.72 |4.38+£10.13| 11.54 +15.97

In order to enable the production of a DNA profile for mixed DNA, multiplex PCR is
required. The development of multiplex PCR assays requires the screening of mouse
gene (B-actin) and selected human gene (Amelogenin, D21 S11, and THO1) for any
potential cross-reactivity. A preliminary investigation into cross-reactivity for all
genes were performed by amplifying human and mouse DNA gene, the results for

which are shown in Figure 3-12.
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Figure 3-12: Ethidium bromide-stained PCR products amplified from human
and mouse DNA after gel electrophoresis.

The agarose gel shows that the PCR amplification is working efficiently with the
separation of the expected size of all products: Amelogenin (106 bp), p-actin (135
bp), D21 S11 (223 bp and 227 bp), and THO1 (166 bp), with no amplification in the
negative control lane (no contamination). The size ladder was included in the
analysis for accurate sizing of PCR products. Figure 3-12 shows no cross-reactivity
between the p-actin (mouse gene) and D21 S11 (human gene) loci, as no
amplification of human D21 S11 with B-actin or of mouse DNA with the human
gene (D21 S11) was observed. However, cross-reactivity was detected between -

actin (mouse gene) and both Amelogenin and THO1 loci (human gene).
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Once the multiplex PCR had been optimised, 2 ul fractions of sequentially eluted
mixed DNA were collected and the human and mouse genes of interest (D21 S11
and B-actin, respectively) were amplified using a conventional PCR instrument in
accordance with the conditions given in section 2.4.5. Following slab-gel
electrophoresis, successful multiplex amplification of D21 S11 (223 bp and 227 bp)
and B-actin (135 bp) loci from sequentially eluted DNA-containing fractions were
observed at different ratios of mixed DNA. These results indicate that the thermally
activated potassium silicate monolith method is not a species-specific extraction
method, and this is valuable for forensic investigations such as sexual assault case
samples. Figure 3-13 shows an example of PCR amplification when an equal

amount of human and mouse DNA was extracted.

Collected fractions

500bp
D21511 D21511

227 bp R-actin
223 bp

B-actin

135 bp

Negative

[ control

Figure 3-13: UV transilluminator image of slab-gel electrophoresis results from
DNA eluted from a mixed mouse and human sample using p-actin and D21 S11
gene. Lanes 1-8: sequentially eluted DNA fractions; Lane 9: human positive
control; Lane 10: mouse positive control; Lane 11: positive mixed control; and
Lane 12: negative control (no DNA).
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3.5 New Microfluidic Device Designed for DNA Analysis

As described in chapter 2, a glycerol solution was used to ensure that a potassium
silicate monolith could be placed within a DNA extraction chamber (hexagonal
geometry) and so prevent the monolith filling the small channels (where the reagents
move). Even with considerable care, at least one or two of the linked channels was
obstructed by the cured monolith, and this is why the chip was designed with six
channels (to increase the chance of open channels at each side since one channel is
required for the inlet and one for the outlet), as shown in Figure 3-14 A. In addition,
air bubbles also formed gradually when the remaining glycerol was removed
following the initial monolith curing for 15 minutes at 90 °C. These effects resulted
in a general lack of reproducibility with the monolith formation within the hexagonal
chamber, which can affect the reproducibility of DNA extraction efficiency. To
overcome these problems, a new design was used to fabricate the microfluidic chips
(see Figure 3-14 B) using standard photolithography and wet-etching techniques (as
described in section 2.3). The new design had only one inlet and one outlet
connected directly to an oval geometry 4 mm wide, 8 mm long, and 100 pl deep
(similar to hexagonal geometry). The monolith solution was injected slowly into the
DNA extraction chamber from the inlet until it filled the chamber completely and
excess solution emerged from the outlet. The monolith was then cured at 90 °C for
18 hours. ETFE tubing was fixed into the holes using epoxy resin and then
connected to the syringe via a microtight adapter. The outlet on the opposite side of

the monolith was used to collect the sample.
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The initial extraction recovery of 24 ng purified human DNA using the new design
was found to be similar to the extraction efficiency obtained by the hexagonal design
but was more reproducible: 42% + 7% and 46% = 18%, respectively. Therefore, the

new design was used in all subsequent experiments.

Air : ] Blocked
bubbles ¢ ! channels

Figure 3-14: Photograph A) shows the formation of air bubbles and blocked
channels with the hexagonal extraction microfluidic device. The problems were
solved with the new oval design B). For both microfluidic devices, the access
holes in the top plates were 1.5 mm and the base plates were etched to a depth of
100 pm.
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3.6 Summary

Solid-phase extraction is an ideal technique used in most forensic laboratories for the
pre-concentration and purification of DNA. The silica-based monolith has a large
surface area available for DNA adsorption, which has a substantial effect on the
efficiency of the DNA extraction process. Silica-based SPE methods rely on the
adsorption of DNA to the silica surface in the presence of concentrated chaotropic
salt solutions, GUHCI, followed by a washing step to remove potential interferents,
then by elution of the purified sample using water or a low ionic strength buffer. In
this study, it has been demonstrated that DNA can be successfully extracted using a
microfluidic device containing thermally activated potassium silicate monoliths
cured at 90 °C, which provides a high surface area (297 m* g™*) for DNA adsorption
whilst producing low back pressure during extraction. DNA extraction was carried
out using hydrodynamic pumping by pre-conditioning the monolith with 10 mM TE
buffer (pH 6.7) for 30 minutes at 5 pl min™ and then loading the DNA continuously

in 5 M GuHCI (10 mM TE buffer, pH 6.7) at a flow rate of 2.5 pl min'. PCR

inhibitors were removed using 80% ethanol at a flow rate of 5 pl min™. To elute the
adsorbed DNA off the monolith, a low ionic strength buffer (10 mM TE at pH 8.5)
was pumped through the device at a flow rate of 1 pl min™. A low salt concentration
buffer (TE, pH 8.5) was able to elute around 45.6% purified human DNA with no
further processing for subsequent analysis. It was found that the PicoGreen® assay
could detect (LOD) down to 0.18 ng with a confidence quantification (LLOQ) of
0.59 ng of DNA using a FLUOstar Optima Plate Reader. GuHCI was a highly
effective method for cell membrane disruption with enhanced DNA binding to the

monolith (DNA binding capacity was 823 pg DNA g™ monolith).
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Using the optimal DNA extraction conditions obtained for thermally activated
monoliths in the microfluidic device, the extraction efficiency was increased for
biological samples containing < 15 ng of total DNA without the need to add carrier
nucleic acids. All extracted DNA showed successful amplification via PCR,
demonstrating both the effectiveness of the proposed system at removing potential

inhibitors and in yielding good-quality DNA.

The DNA extraction method developed was also evaluated in terms of selectivity. In
this case, DNA contamination (human DNA contaminated with animal DNA) was
found not to influence the extraction method. In addition, pre-concentration studies
indicated that DNA from as few as 62 cells could be pre-concentrated and
subsequently eluted and detected using the methodology developed. Microfluidic
devices with an oval geometry were fabricated and selected to solve the problems of

extraction reproducibility with the hexagonal design for future work.
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4 Results and Discussion: Combined DNA and Drugs

Extraction

The previous chapter (chapter 3) described the extraction and pre-concentration of
DNA for identification purposes. In this chapter, a combined approach has been
developed that builds on the earlier work of chapter 3 to include the isolation of
drugs from the same sample in order to look, uniquely, for the isolation and
identification of DNA and drugs of abuse. Whilst the literature has given substantial
attention to DNA%"?™" and drugs 2'#2™ extraction/pre-concentration, there does not
appear to have been any report on their combined extraction from a single sample

analysis.

The extraction of DNA and drugs of abuse for most forensic toxicology is time
consuming, as the two methods involved may require a sample to be separated into at
least two with enough volume in each to perform extractions. The possibility of
using one sample for both DNA and drugs analysis is, therefore, attractive and highly
suited to forensic cases where sample sizes are often limited. Accordingly, the
ability to perform genetic and drug analysis on the same sample using SPE
methodology is the aim of this section of the project. Amphetamine (AM),
methamphetamine (MA), 3,4-methylenedioxyamphetamine (MDA) and 3,4-
methylenedioxymethamphetamine hydrochloride (MDMA) were used in this study

because they are widely abused among young people.”® %"

This chapter is divided into three main sections. The first section (4.1) concerns the
development of a chromatographic method for analysis of the drugs of interest. The
second section (4.2) describes the performance of different forms of silica monolith

in extracting the drugs of interest. The final section (4.3) investigates the
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development of a new SPE application for integrated DNA and drugs identification

from a single sample.

4.1 HPLC Method Development

HPLC is the most commonly used measurement technique in forensic and clinical
toxicology applications.?”® In this study, all solutions that passed through the
monolith during the extraction of drugs of interest (the loading, washing and elution
steps) were collected and injected directly into an HPLC system to identify and
quantify the drug. In order to obtain the best chromatographic conditions for the
HPLC system, different detection wavelengths and mobile phases were examined. A
working solution of a mixture of the drugs was prepared from a stock standard

solution of 0.1 mg ml™ (100 ppm) of each drug.

4.1.1 UV detection wavelength

A UV-visible detector was used as the detection method for the HPLC system and
the maximum absorption wavelength for each of the drugs of interest was
determined. Spectral scanning was performed in the range from 200 to 400 nm for
20 ug ml™ of each individual drug. The UV-spectra of the four amphetamines are
shown in Figure 4-1. AM and MA, as do MDA and MDMA, have almost the same
UV spectrum due to their similar structures. The spectral scan indicated that the
maximum UV absorbance for the HPLC detector for the four drugs occurs at

210 nm.
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Figure 4-1: Absorption spectra of 20 pg ml™* of AM, MA, MDA and MDMA in
highly purified water; 210 nm was selected as A max for all drugs of interest.

4.1.2 Optimum mobile phase combination

Chromatographic analysis was performed using a reversed-phase HPLC system with
UV detection consisting of an LC 200 series binary pump, a UV-visible detector and
a Prodigy " Cig column (150 x 4.6 mm), as described in section 2.5.4.2. Based on
the analytes to be separated and their solubility, three different mobile phases
(methanol:ultra-pure water [80:20, v/v], 10 mM sodium acetate:methanol [70:30,
v/v] at pH 6, and 50 mM phosphoric acid [pH 4 using triethylamine]:acetonitrile
[9:1])%"° were investigated under isocratic conditions at ambient temperature around
23 °C. The analytes of interest were retained on the C;g column by a hydrophobic
interaction due to their low polarity.”® Separation depends on the polarities of the
analytes, with more polar compounds being eluted early while less polar and non-
polar analytes (such as amphetamines) are strongly retained and often require a high

percentage of organic solvents to be eluted.
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For the direct injection of the mixed drugs standard using a methanol:water (80:20,
v/v) mobile phase, no peaks were seen for the drugs of interest (Figure 4-2 A). This
is because the strength of the methanol:water mobile phase was not enough to reduce
the hydrophobic interactions between the adsorbent and the analytes, and, as a result,
the drugs did not pass through the column but were retained on the stationary phase
and were not detected. Therefore, a less polar mobile phase than methanol:water was
required, such as 10 mM sodium acetate:methanol (70:30, v/v). Although the
sodium acetate buffer has less polarity than water, it absorbs light below 220 nm,
which may be a problem when using a UV detector at 210 nm.?** This explains the
absence of peaks for the four amphetamines when a 10 mM sodium acetate:methanol

(70:30, v/v) mobile phase was used, as shown in Figure 4.2 B.

Amphetamines contain nitrogen atoms which can interact strongly with the residual
silanol groups on a packed column (Cjg), resulting in low analytical recoveries with
tailing peaks. This phenomenon can be reduced by the addition of silanol blockers
such as triethylamine (TEA) to the mobile phase which compete with the
amphetamines for residual silanol sites on the support.*? TEA was used with
50 mM phosphoric acid:acetonitrile (9:1) to evaluate the influence of a silanol
blocking agent in solving this problem.?®* Figure 4-3 shows a successful elution of
mixed standards of amphetamine from the HPLC packed column with good
chromatographic resolution when TEA was added to the 50 mM phosphoric
acid:acetonitrile (9:1, pH 4) mobile phase under isocratic conditions. The peaks in
the mixture were identified by comparison with the retention time of the peak for
each individual drug. The first peak to elute from the mixture was the most polar

compound (AM), followed by the less polar MA, MDA, and MDMA, respectively.
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methanol : ultra-pure water

(80:20, viv)

B sodium acetate : methanol
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Figure 4-2: HPLC chromatograms for the direct injection of 20 pg ml™ of AM,
MA, MDA and MDMA showing a non-peak response when A) methanol:water
(80:20, v/v) and B) 10 mM sodium acetate:methanol (70:30, v/v, pH 6) mobile
solvents were used. Separation was performed on 5 pm Prodigy’ Cis
(Phenomenex, 150 x 4.6 mm), under isocratic conditions at a flow rate of
1 ml min™®. UV detection was obtained at 210 nm and injection volume was

20 pl.
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Figure 4-3: Typical chromatogram for a mixed standard of amphetamines
(20 ppm) using a 5 um Prodigy  Cig (Phenomenex, Torrance, CA, USA) 150 x
4.6 mm column, mobile phase under isocratic conditions: 10% acetonitrile, 90%
50 mM phosphoric acid (pH 4 using triethylamine); a flow rate of 1 ml min*
with UV detection obtained at 210 nm and the injection volume was 20 pl.
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4.2 Investigation of Monolithic Silica for Drugs Extraction

4.2.1 Drugs extraction using thermally activated monoliths

In chapter 3, a thermally activated potassium silicate monolith was shown to be a
suitable solid support for higher DNA extraction efficiency. In this section, the
performance of the same silica monolith is evaluated for the extraction of AM, MA,
MDA and MDMA. A fundamental prerequisite for analyte extraction is knowledge
of the chemistry and nature of the sorbent and analyte(s) of interest. The surfaces of
the silica-based monolith consist of two functional groups: silanols (=Si-OH) and
siloxanes (=Si-O-Si=).”® Theoretically, the mechanism of extraction for the drugs of
interest on a silica monolith is based on the ionic interaction (weak cation-exchange)
between the positively charged analytes and negatively charged silanol groups (=Si-

4.285

O ) in a medium with a pH above In addition, siloxane groups (=Si-O-Si=)

provide a very weak hydrophobic interaction for the non-polar functional groups

associated with the drugs of interest.?®®

The compounds of interest were extracted using a thermally activated potassium
silicate monolith placed within a glass capillary, as described in section 2.4.3 for
DNA extraction. Hydrodynamic pumping was used to move the eluent during the
extraction steps at different flow rates. The silica-based monolith was equilibrated
with a 200 pl solution similar to the sample loading conditions, which was either
ultra-pure water or 10 mM TE buffer at a flow rate of 5 pl min™ in order to maximise
the binding of the analyte of interest to the stationary phase. Ultra-pure water
(pH 5.5) was used as a relevant solvent for most of the drugs, whereas the 10 mM TE
buffer (pH 6.7) was examined for compatibility with the DNA extraction buffer for

the future combination of drugs and DNA analysis.
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A mixed drugs standard of 50 pl of 20 pug ml™ was pumped through the potassium
silicate monolith at a flow rate of 2.5 ul min™ followed by 100 ul of either ultra-pure
water or 10 mM TE buffer (similar to the load solution) to remove any interferents at
a flow rate of 5 pl min™. Finally, the retained compounds were eluted with 50 ul of
the optimised mobile phase (10% acetonitrile, 90% 50 mM phosphoric acid at pH 4
adjusted by triethylamine) at a flow rate of 1 ul min™. The extract was directly
injected into the HPLC with UV detection to evaluate the percentage of analyte
recovery. The recovery calculated was obtained from the peak area ratio of the
extracted mixed drug standard divided by the relevant peak area of the non-extracted

standard (directly injected), multiplied by 100.

The thermally activated monolith did not, however, retain the drugs of interest
efficiently and the majority of analytes were lost during the loading and washing
steps, with only a low extraction recovery obtained during the elution step (this did
not exceed 12%) from analytes prepared in ultra-pure water or 10 mM TE buffer.
Figure 4-4 shows an example of the percentage recovery of the four analytes
prepared in ultra-pure water. These results indicate that under the conditions used
the normal phase monolith shows poor selectivity towards the target analytes.
Therefore, functionalising the surface of the monolith with a high selectivity
functional group towards the drugs of interest is desired for maximum extraction

recovery.
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Figure 4-4: The extraction of ultra-pure water spiked with a 20 pg mI™* mixed
drugs standard using a thermally activated monolith. Each experiment was
carried out in triplicate.

4.2.2 Chemical modification of silica monolith surface with lysine

Modification of the silica surface with a functional group plays a significant role in
establishing the selectivity required to capture analytes of interest. Choosing the
functional group requires consideration of the properties of the analytes, such as
lipophilicity and pK,. For instance, DNA is highly negatively charged over a wide
range of pH due to the presence of a phosphate group, whereas basic drugs such as
amphetamine (pK, 9.9) are transformed into an ionised form (positive charge) when
the pH is below 9.1 28" Introducing oppositely charged groups on the surface of a
solid-phase will exhibit ion selectivity to both anion and cation molecules. These

types of stationary phases are known as zwitterionic ion-exchangers.?®
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A wide variety of amino acid structures can be immobilised on a matrix surface to

provide zwitterion-exchange properties.”®®

In this work, lysine was evaluated as a
zwitterionic stationary phase (see Figure 4-5) for DNA (anion) and amphetamine

(cation) extraction.

NH,

OH
HoN

Figure 4-5: The chemical structure of lysine.

Lysine was chosen for a number of reasons. Firstly, the isoelectric point (pl) for
lysine-bonded silica, where both the negatively charged carboxylic groups and the
positively charged amine groups are equal to zero at pH 7.25.%° This pH value is
suitable for the simultaneous extraction of negatively charged DNA (binding to
positively charged amine groups) and positively charged drugs (binding to negatively

charged carboxylic groups), as shown in Figure 4-6.

- - H )
OH - OH H,N-C-C00
H3N+7C7COOH _ H3N+7C7COO Es—— 2 (‘:
! + | + R
R H R H
Cationic in acid pKal =2 neutral pK, 2= 9-10 Anionic in base

Figure 4-6: Scheme showing the predominant form of an amino acid depending
on the pH of the solution.?*
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In addition, lysine can be readily bonded to a silica surface, as shown in Figure 4-7.
First, y- glycidoxypropyltrimethoxysilane (GPTMS) was covalently bonded onto the
surface of a silica monolith (2,6-lutidine acts as a catalyser) to generate an epoxy
surface monolith. The surface was then treated with hydrochloric acid in order to
open the epoxy ring to prepare a diol monolith. Finally, lysine was introduced onto
the silica skeleton structure via a covalent bond with the diol monolith; accordingly,

one of the primary amino groups in the lysine became a secondary amino group.?*

A OCH; o
HyCO-Si~(CHz)g-0-CH, CH-CH

OCHj, 0
S‘ifOH > | L O
fSlfOfs‘lf(CHz)ngfCHngHfCH2—>

| Toluene , 110°C 1
| epoxy-bonded

HCI O
~B - Si-0-8i—(CHp)3-0—CHp CH-CHj

60°C | ? OH OH

diol-bonded
NH,(H2C)s-CHCOOH
NH, O OH
N . 8 |
C - fs‘lfOfS‘l—(CHz)stfCHZCHfC‘:Hz
NaH,PO, , 75 °C ? NH(H2C)s-CHCOOH

NH»>

lysine-bonded

Figure 4-7: Schematic reaction pathways for the generation of the desired
A) epoxy, B) diol and C) lysine monolithic stationary phases.*®
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4.2.2.1 Physical characterisation of the modified lysine stationary phase

The chemically modified lysine-bonded silica-based monolith was produced in a
glass capillary following the reaction outlined above in Figure 4-7 and as described
in section 2.5.1.1. The modified stationary phase was characterised by SEM, BET
and Fourier transform infrared (FT-IR) analysis to identify the differences between

the modified and non-modified silica-based monoliths.

Figure 4-8 shows the SEM micrographs of the surface of the silica-based monolith
before (A) and after (B) modification with lysine and they are characterised by a
bimodal pore structure with continuous macropores and mesopores. The SEM image
indicates no marked differences in the structural morphology of the two monoliths
even at high resolution (1 um), and there was also no significant difference between

them in the size of macropores.

However, when performing BET analysis, the surface area of the lysine-modified
silica-based monolith was found to have decreased from 297 m? g™ (non-modified
silica-based monolith) to 141 m? g*. The pore sizes had also decreased from 18 nm
(non-modified silica-based monolith) to 11 nm for the amino-functionalised silica
monolith due to the anchoring of organic moieties (lysine) on the inner surface of the
pores. This indicates that some changes had taken place with the silica monolith
which could be due to the successful modification of the silica-based surface with

lysine.
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Figure 4-8: Electron micrographs showing the silica-based monolith structure
(A) before, and (B) after chemical modification of the surface of the monolith
with lysine.

FT-IR spectroscopy was also used to study the changes in chemical structure
between the non-modified and modified monoliths in the region between 400 and
4000 cm™.%? Figure 4-9 shows the FT-IR spectra of the non-modified silica-based
monolith (blue spectrum) and the lysine-modified silica-based monolith (red
spectrum). As seen in Figure 4-9, the strong peak observed at 1130 cm ™ and the
narrow peak at 808 cm™* are associated with the =Si-O-Si= vibration for the modified

and the non-modified silica surface.?®
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The FT-IR spectrum of the lysine-bonded silica shows some differences compared
with the silica-based spectrum. The broad band at 3462 cm™ corresponded to the
N-H stretching vibration.®® After modification, the band at 2740 cm™ for =Si-OH
disappeared and the bending vibration of the CH, functional group was found at a
wavelength of 2980 cm™.?*? The bending vibration band of the free NH, group was
also observed at 1630 cm *.2** ®* These observed changes between the two spectra

suggest that the lysine had been successfully grafted onto the surface of the silica-

based skeleton.
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Figure 4-9: FT-IR spectra of the silica-based monolith (blue spectrum), and the
amino-modified silica monolith (red spectrum).
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4.2.3 DNA extraction using lysine-bonded monoliths

Amine-coated solid supports have been widely used for DNA extraction.?>*" The
presence of oppositely charged groups on a lysine-modified silica-based monolith
surface provides cation, anion and zwitter-exchange properties. The aim of this
section is to evaluate a 15 mm (corresponding to 600 pg) modified silica-based
monolith within a glass capillary (0.6 + 0.05 mm ID) for DNA extraction using
hydrodynamic pumping. With non-modified silica-based SPE, DNA adsorbs onto
the monolith surface through hydrogen bonding in the presence of a chaotropic

solution such as guanidine hydrochloride, as described in section 3.2.1.

The mechanism of DNA capture with an anion-exchanger is, however, different.
The DNA purification process depends on the pH of the solution. The pK, of the

amino group in the lysine is about 9,2

which can exploit a cationic charge below its
pKa. At pH 5, the amino group is, therefore, positively charged and electrostatic
interaction with the negatively charged phosphate backbone of the DNA can occur.
In order to achieve DNA extraction using a silica-based lysine anion-exchanger,
three general SPE steps are required: loading of the sample, removing the impurities
(washing), and eluting the target analyte. In this work, the surface of the monolith
was activated with 10 mM 2-(N-morpholino) ethanesulfonic acid (MES) buffered at
pH 5 for 30 minutes at a flow rate of 5 pl min™.?®* Human genomic DNA samples
were prepared to a final concentration of 0.4 ng pl™ in MES buffer (total loaded
volume was 50 pl). The samples were then loaded at a flow rate of 5 pl min™ to
achieve DNA adsorption onto the modified silica surface.  Cellular and

proteinaceous debris that inhibit PCR amplification were removed using the loading

buffer at a flow rate of 5 pl min™.
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Finally, increasing the basicity of the buffer (50 mM sodium carbonate, 50 mM
sodium bicarbonate) from pH 5 to 9 was used to promote the adsorbed DNA to be
released from the monolith due to the deprotonation of amino groups.?®* 2 All
solutions which passed through the modified solid-phase matrix were collected in
4 ul aliquots and then divided into two equal fractions. The first 2 pl fraction was
analysed for DNA quantification using PicoGreen® assay and the second fraction
was used for DNA amplification (PCR) as described in chapter 2. Initial experiment
results found that the positively charged amino group was effective for DNA
absorption with minimal loss during the loading and washing steps and then
promoted DNA dissociation from the monolith as the amino group became neutral at
pH 9 (Figure 4-10). DNA extraction efficiency was calculated as the amount of
DNA recovered during elution expressed as a percentage of the initial amount loaded

on the monolith. Preliminary results obtained from average DNA extraction

efficiency was 29.8% using an elution flow rate at 5 pl min™.
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Figure 4-10: Graph showing the average DNA elution profile from 20 ng of
purified human DNA using a lysine-bonded silica-based monolith for extraction
(n=23).

134



Chapter 4: Results and Discussion - Combined DNA and Drugs Extraction

PCR analysis was carried out on the eluted DNA to confirm that there were no
adverse effects from the elution buffer (pH 9) on downstream applications and the
efficiency of the extraction method using a lysine-coated monolith to remove PCR
inhibitors.  The PCR products were analysed using conventional slab-gel
electrophoresis. The results (Figure 4-11) showed successful amplification of the
target D21 S11 (223 bp and 227 bp) locus, indicating that the concentration of
elution buffer, set at 50 mM with pH 9, was efficient in releasing DNA and did not

substantially hinder PCR amplification.
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Figure 4-11: Agarose gel electropherogram of the PCR products (D21 S11 gene:
223 and 227 bp) from human DNA released from the lysine-modified silica-
based monolith.

135



Chapter 4: Results and Discussion - Combined DNA and Drugs Extraction

In an attempt to increase DNA extraction efficiency, different elution flow rates were
used over the range from 1 to 10 pl min™. As expected, an inverse relationship

between elution flow rate and extraction efficiency was observed (see Figure 4-12).

It was found that the highest DNA yield during the elution phase was obtained when
the elution flow rate was decreased. As mentioned previously, the pK, of the amino
groups in the lysine is about 9 and these are expected to be protonated at pH 5 so that
the lysine can capture the negatively charged molecule such as DNA. In contrast, the
deprotonation of amino groups occurs at pH 9, and this will promote DNA release.
The amino groups will, however, require time to equilibrate and change to facilitate
DNA release. Increasing the flow rate (10 pl min™) decreases the contact time
between the amino groups and elution buffer, which resulted in low DNA extraction
efficiency (30%) with lack of reproducibility (22% RSD). However, at lower flow
rates (1 pl min™), the time needed for equilibration of the amino groups with the
elution buffer solution (pH 9) is greater, which led to high DNA release (77%) with

superior reproducibility (4% RSD).
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Figure 4-12: Graph showing DNA extraction efficiency as a function of
different elution flow rates.

4.2.3.1 DNA binding capacity

Previous results (section 3.2.2) indicated that the amount of DNA adsorbed onto a
monolith was 823 pg DNA g when a non-modified silica surface was used. The
DNA binding capacity of the 600 pg lysine-modified monolith was calculated in
order to evaluate the amount of DNA that saturated the binding sites after
modification. To determine the DNA capacity of the modified monolith, a buffer
solution (10 mM MES) containing purified human DNA (3.95 ng pl™?) was
continuously loaded and all fraction volumes (4 pl) that passed through the modified
monolith were collected and quantified for the amount of DNA using a fluorescence
assay (PicoGreen®). Using the same breakthrough method as described in chapter 3,
it was found that the average loading capacity was 1.7 mg DNA g for the modified

monolith (see Figure 4-13).
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These results indicate that a DNA-capturing method using a lysine-modified
monolith is highly effective in terms of DNA adsorption compared to a non-modified

monolith (0.823 mg DNA g™).
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Figure 4-13: The breakthrough curve provides a loading capacity of 1,042 ng of
purified human DNA on a lysine-bonded monolith.

4.2.4 Drugs extraction using lysine-bonded monoliths

In the previous section, the DNA capture and release method was based on
electrostatic interaction between positively charged amino groups on the surface of a
lysine-modified monolith and negatively charged DNA. The lysine-bonded monolith
exhibited zwitterionic characteristics due to the presence of oppositely charged

groups on the surface.
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The pK, of the carboxylic acid group in the lysine is about 2.18,2%°

and can exploit
cationic-exchange properties above its pK,. Therefore, at pH 5, the carboxylic group
Is negatively charged and electrostatic interaction with positively charged molecules

can occur.

The adsorption selectivity of the lysine-modified phase for the four amphetamines
was investigated because they can exist in ionised form (positively charged) at pH 5
(their pK, range is between 9.8 and 10.1)."° The extraction steps were carried out
using a hydrodynamic syringe pump and optimised extraction conditions identified
for DNA extraction (see section 2.4.3). The modified adsorbent was conditioned and
equilibrated using a 10 mM MES buffer at pH 5 for 30 minutes at a flow rate of 5 pl
min™. A mixture of drugs was added directly to the 10 mM MES loading solution to
give a final concentration of 20 pg ml™ and then loaded at a flow rate of 2.5 pl min™
(the total loaded volume was 50 ul). Contaminants were removed using the loading
buffer at a flow rate of 5 pl min™. Finally, the target analytes were released from the
monolith at a flow rate of 1 ul min™ using an optimised mobile phase. All of the
solution was collected after passing through the lysine-modified silica-based
monolith. Initial drugs extraction results using the modified monolith (lysine-bonded
monolith), however, found that the carboxylic acids (negatively charged) were
unable to interact with the four drugs of interest (positively charged) when 10 mM
MES (pH 5) was used, as the chromatogram obtained from the loading step showed a
strong similarity in the peak areas and retention times for those with a directly
injected mixed standard of amphetamines (see Figure 4-14). These results indicate

that the majority of analytes were lost during the loading step.
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Figure 4-14: HPLC chromatograms of A) a directly injected 20 pg mI™* mixed
standard of AM, MA, MDA and MDMA and B) loading buffer collected after
passing through the lysine-modified silica-based monolith.
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As indicated previously, the pK, of a carboxylic acid group is about 2.18 and
deprotonated (ionised) when the pH is increased. The active pH range of the MES
buffer is from 4 to 5; therefore, it was necessary to change to another loading buffer
with a higher pH value to ensure that the carboxylic acid groups were changed to the
cationic-exchanger form for efficient analyte retention. A phosphate buffer offers a
pH range of 5 to 8 and low UV absorbance (less than 205 nm), which will not
interfere with the drugs of interest.”®" *° Different pH values (5, 6, 7 and 8) of
phosphate buffer were examined as a loading buffer for the target analytes. There
was no reason to increase the pH of the loading buffer beyond 8 because the four
amphetamines would then transform to a non-ionised form and no ionic-exchange
would occur. The loading solution that passed through the modified monolith was
collected and then injected directly into the HPLC system to evaluate the
effectiveness of the sorbent in retaining the drugs of interest. Figure 4-15 shows the
percentage of analyte recovery during the loading stage and this is compared with the

resulting peak areas for a direct injection of a 20 pg mI™ mixed standard.
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Figure 4-15: The effect of phosphate buffer pH on the retention of analytes
during the loading stage (n = 3).
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As can be seen from Figure 4-15, more than 90% of the target analytes were lost
during the loading step at all pH ranges, which suggests that this method is not
effective for amphetamines. Weak retention of the four drugs can be due to
repulsion from the positively charged layer of protonated secondary amino groups
and also to the location of carboxyl groups at the inner side of the lysine-bonded
chain after reaction with the epoxy ring, as indicated in Figure 4-16. The results
presented here fit well with those in the published literature where a lysine-modified

monolith showed limited cation-exchange properties to Na*, NH,*, and K*.3%
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Figure 4-16: Stationary phase with covalently attached zwitterionic lysine. 2%
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4.2.5 Chemical modification of silica bead surfaces with Cig

The results in the previous section found that the four drugs of interest were weakly
retained to the silica-based monolith covalently bonded with lysine. Therefore, an
alternative modification method was required.  Octadecyl (Cig) as a pre-
concentration/extraction matrix has been used in many applications.**** An
octadecyl group has a high affinity with hydrophobic molecules such as some drugs
and proteins.™*® Purification techniques have, in general, been performed using silica
beads and/or monolithic media packed in a cartridge or column.*® *® The use of

packed modified C15 monolithic silica for drug extraction and purification is not new

and requires multiple stages, such as centrifugation (spin column),’® filtration

239, 305 240, 306

(capillary tube), or several aspiration and dispensing steps (pipette tip).
The surface of the thermally activated silica-based monolith inside a glass capillary
was, therefore, modified with octadecyl groups as described in detail in section
2.5.1.2. Unfortunately, a high back pressure was generated during the modification
of the thermally activated monolith. The reason for the increased back pressure may
have been the blockage of the pores by the attached large organic moieties (octadecyl
groups). The silica-based monolith was, therefore, substituted with silica beads
chemically modified with octadecyl (C1g) groups as described in section 2.5.1.2. The
modified octadecyl (Cig) silica beads were then packed inside a female luer lock
adaptor (Figure 2-8) to perform drug purification under the influence of a
hydrodynamic pump, as shown in Figure 2-9. The chemical reaction between the

silanols on the monolith surface and the chloro(dimethyl)octadecylsilane compounds

is shown in Figure 4-17.
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Figure 4-17: Schematic representing the chemical reaction between the surface
silanol groups on the silica-based monolith and the organosilane compounds,
where R = C5.%3

4.2.5.1 Physical characterisation of the modified Cg silica beads

The structural morphology of the silica beads was examined by SEM before and after
surface modification. As shown in Figure 4-18 A, the SEM image of the non-
modified surface showed that the silica beads have an irregular shape with a diameter
ranging between 40 and 100 pum. After modification of the silica beads with
octadecyl groups, no significant changes to the size and surface of the silica beads

were observed (see Figure 4-18 B).

100 pm 100 mv

\érw'n \;; LR E’ 4{/*’

7f\
~ .
{\J (\,-\\ /)/ Ah

Figure 4-18: SEM micrographs of the silica beads A) before and B) after
surface modification with octadecyl groups.

The Cig silica beads were further characterised by FT-IR spectroscopy in order to
monitor the chemical attachment of the chloro(dimethyl)octadecylsilane with the

surface silanol groups on the silica beads.
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The region between 400 and 4000 cm ' was used to study the surface
characterisations of the modified and non-modified silica bead samples (see Figure
4-19). Both samples showed a strong absorption peak at 1115cm™*, which is
attributed to the asymmetric stretching vibration of =Si-O-Si= (1130 to
1000 cm*).3®  Moreover, the band at 812 cm™ corresponded to a symmetric
stretching vibration of =Si-O-Si= (860 to 730 cm™).”** A new band was observed at
around 2860 cm™ for the modified beads spectra, which is a characteristic band for
C-H vibration.®* In addition, the modified surface showed absorption peaks at
around 2960 cm' arising from C-H, on the alkyl chain groups, suggesting
successful modification of the silica bead surfaces.® The broad band from 3000 to
4000 cm™ for the non-modified surface represented vibrations of =Si-OH or
absorbed water which disappeared with hydrophobic silica beads as an indication of

successful modification with Cyg.2% 3%
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Figure 4-19: FT-IR spectra of the silica beads (red spectrum) and the Cig
modified silica beads (blue spectrum).
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4.2.5.2 Extraction of the drugs of interest using modified silica beads

In order to evaluate the extraction efficiency of the AM, MA, MDA and MDMA
using packed Cig-modified silica beads, 50 pl of the final concentration of 20 ug ml™
for the mixed drugs standard was loaded onto pre-activated C,g silica beads, followed
by 50 ul ultra-pure water to wash out any impurities. Finally, the retained drugs
were eluted with 50 ul of the mobile phase used for the HPLC analysis (10%
acetonitrile, 90% 50 mM phosphoric acid at pH 4 adjusted by triethylamine).
Hydrodynamic pumping at a flow rate of 10 ul min™ was used for all extraction
steps. Packing the beads within a microfluidic system could generate high back
pressure,® but these beads had a large surface area (non-modified at 550 m? g™ and
an irregular shape) and minimal back pressure was seen as the syringe pump did not
stop. There was no leaking around the connector at the flow rates used because the
modified beads were packed inside a 9.4 mm diameter female luer lock adaptor
which allowed the solution to pass in different directions around the irregularly
shaped beads. Figure 4-20 shows two chromatograms: the first (A) corresponds to
the directly injected 20 pg ml™ mixed drugs standard, and the second (B) was
obtained from the eluted fraction of the same extracted concentration using
octadecylated silica beads. The recovery percentage of the extraction was calculated
as a peak area ratio of extracted drugs to those directly injected as a mixed drugs
standard under the optimised conditions of the HPLC system. It was found that the
average recovery for the four drugs in the mixed standard after triplicate extraction
using Cig silica beads was high (90%) with good reproducibility (< 15% RSD). This
indicates the effectiveness of the modified silica beads, as the target analytes retained
during the loading step were then eluted in significant amounts using the optimised
HPLC mobile phase (10% acetonitrile, 90% 50 mM phosphoric acid; pH 4 adjusted

by triethylamine).
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Figure 4-20: Chromatogram of 20 ppm A) directly injected mixed standard of
four amphetamines and B) the eluted fraction of the extracted sample using
modified Cs silica beads. The separation was performed on a 5 pm Prodigy
Cis (Phenomenex, Torrance, CA, USA) 150 x 4.6 mm column, under isocratic
conditions of 10% acetonitrile, 90% 50 mM phosphoric acid mobile phase (at
pH 4 using triethylamine) at a flow rate of 1 ml min?. UV detection was
obtained at 210 nm and the injection volume was 20 pl.
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4.2.5.3 Optimisation of the extraction flow rate

Flow rate is an important factor to optimise when carrying out extraction using a
hydrodynamic pump. A conventional SPE cartridge requires 25 to 30 minutes to
perform drugs extraction and uses large sample volumes (2 ml).?*®> High flow rates
were applied as a simple technique to reduce the extraction time in this study. Since
adsorption of drugs to the sorbent and desorption from it are considered important in
the extraction process, different flow rates were examined for the loading and elution

steps.

Firstly, to evaluate the effect of flow rate on the adsorption of the drugs of interest
onto the modified solid-phase, three different flow rates (100, 50, and 20 pl min™)
were applied to load 50 pl of the ultra-pure water spiked with the target drugs to give
a final concentration of 20 pg ml™. The eluted solution during the loading step was
collected and injected into HPLC. Theoretically, no peaks belonging to the analytes
should be observed at this stage due to hydrophobic interaction between the drugs
and the modified beads. Unexpectedly, the chromatograms of the collected solutions
during the loading steps at 100 and 50 pl min™ showed four peaks corresponding to
the target analytes, as shown in Figure 4-21. However, when the flow rate was
decreased to 20 pl min™, peaks for the target drugs were not detected in the loading
solution as shown in the HPLC chromatogram (Figure 4-21). This result indicates
that sample loading at 100 and 50 pl min™ reduces the interaction time between the
analytes and the packed beads and, therefore, the analytes were recovered in the
collected loading solution. Decreasing the flow rate to 20 pl min™ increased the
interaction time for analytes binding to the surface of the modified sorbent and this
resulted in greater adsorption of the target analytes to the surface of the C;g-modified

silica beads.
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Secondly, as expected, similar results were found when the four flow rates (100, 50,
20 and 10 pl min™) were examined for drugs desorption. At 100, 50 and 20 pul min™,
the extraction recovery during the elution steps was lower (55%) than at 10 pl min™
(90%) due to the low interaction time between the target analytes and elution
solution (mobile phase) flowing through the system (Figure 4-22). Moreover, high
back pressure was observed at higher flow rates (100 and 50 pl min™) during the

loading and elution steps but was not apparent with the lower flow rates (20 and

i1
10 pl min™).
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Figure 4-21: Chromatograms obtained from collected loading solution for the
four target amphetamines at flow rates of 100, 50 and 20 pl min™ on Cyg-
modified silica beads.
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Figure 4-22: Effect of elution flow rate on the extraction recovery of the mixed
drugs standard purified with octadecylated silica beads packed inside a female
luer lock adaptor.

4.2.5.4 Recovery from artificial urine

Since the octadecylated silica beads showed an ability to extract the drugs of interest
from ultra-pure water, it was important to investigate the performance of the
modified silica in extracting the mixed standard from a realistic sample. A 10 mi
volume of artificial urine medium was spiked with 200 pg of each target analyte to
achieve a final concentration of 20 pg ml™. The artificial urine sample contained
most of the components of real urine (such as urea, uric acid, creatinine and water)
but was less complex and spiked with a high concentration of amphetamines for

direct injection.
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A 50 pl sample of the spiked artificial urine was extracted using the optimised
condition indicated in section 4.2.5.3. All solutions that were passed through the
outlet were collected and directly injected into the HPLC system. Figure 4-23 shows
no peaks of the drugs of interest during the loading step, which indicates successful
hydrophobic interaction between the analytes in the sample and the modified sorbent
surface. The octadecylated beads enabled reduction in the impurity of the artificial
urine during the washing stage, as the intensity at the first minute in the

chromatogram decreased with elution fractions.
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Figure 4-23: Chromatogram of a directly injected artificial urine sample spiked
with four amphetamines and the three collection fractions of the extracted
drugs using the Cig-modified silica beads. The separation was performed on
5 um Prodigy” Cig (150 x 4.6 mm column), under isocratic conditions of 10%
acetonitrile, 90% 50 mM phosphoric acid mobile phase (at pH 4) at a flow rate
of 1 ml min™. UV detection was obtained at 210 nm and the injection volume
was 20 pl.

151



Chapter 4: Results and Discussion - Combined DNA and Drugs Extraction

The recovery of the four amphetamines after extraction was between 50 and 75%
with an acceptable RSD below 15% (see Table 4.1). The recoveries of the four
spiked compounds from the artificial urine sample were lower than that extracted
from the mixed drugs standard (in spiked ultra-pure water), as reported in section
4.2.5.2, but they were still acceptable values for forensic and clinical toxicology
application?®* compared with about 65% extraction recoveries for the amphetamines
using a commercial cartridge.®!® These differences in recovery may be due to the
composition of the artificial urine medium, which contains some hydrophobic

compounds which compete with the target analytes for binding sites.

Table 4.1: Recoveries and relative standard deviations (RSDS) for an artificial
urine sample spiked with four amphetamines which were then extracted using
octadecylated silica beads.

Spiked drugs Mean recovery -
(20 g mi) (%, n = 3) R

AM 75 12.5

MA 64 8.6

MDA 60 7.8

MDMA 50 9.7
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4.2.5.5 Figures of merit

The method was evaluated in terms of linearity, limit of detection (LOD), lower limit
of quantification (LLOQ) and precision to verify the reliability and applicability of
the modified octadecylated silica beads in extracting the four amphetamines of
interest when analysed using HPLC with UV detection. Stock solutions of the four
drugs of interest were used to provide a calibration curve at the following
concentrations: 20, 10, 5, 2.5, 1.25, and 0.625 pg ml™. Calibration curves were
constructed by plotting the peak areas of the standards against their respective
concentrations. Analysis was carried out in triplicate at each concentration and linear

regression analysis was used to produce the calibration curve shown in Figure 4-24.
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Figure 4-24: Calibration curve for the extraction of the mixed amphetamine
standard in the range of 0.625 to 20 pg ml™ using an HPLC system with UV-
visible detection.
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Calibration curves for the target analytes showed linearity over the chosen
concentration range and produced a correlation coefficient (R) > 0.9988. LOD and
LLOQ were statistically determined during the evaluation of the linear range of the
calibration curve using Equations 2.2, 2.3 and 2.4, 2.5, respectively. The lowest
amount of analytes in a sample that can be detected and quantified using HPLC with

UV detection are summarised in Table 4.2.

Table 4.2: Analytical figures of merit.

Range of
Lob | LLog | "an¢e L Correlation
brug (ug mi™) | (ug mi™) Ilnearltly Linearity coefficient
(Mg ml )
_ y = 7.0676x +
AM 0.56 1.88 0.625-20 0.872 0.9995
] y =7.0704x +
MA 0.59 1.98 0.625-20 1.3841 0.9994
y=4.7877x +
MDA 0.69 2.30 0.625-20 12773 0.9992
_ y = 4.9332x +
MDMA 0.82 2.82 0.625-20 1.3539 0.9988

The performance of the modified silica beads in extracting the mixed target
molecules was evaluated in terms of repeatability (within-day precision) and
reproducibility (between-day precision) from the results of the peak areas of each
reference standard. In this study, low (3 pg mI™), medium (10 pg mI™) and high (20
ng ml™) concentrations of the mixed drugs standard were used to express precision
as a percentage RSD of the test results. Each concentration was extracted three times
on a single day to perform intra-day precision analysis and over five consecutive
days in triplicate using the same modified silica beads patch to obtain inter-day

precision analysis, as shown in Table 4.3.
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Table 4.3: Intra-day and inter-day recoveries for the drugs of interest and
relative standard deviations of the extraction method.

Intra-day (n = 3) Inter-day (n = 15)
Drug (ug ml) Recovery (%) RSD (%) | Recovery (%) RSD (%)
AM
3 87.7 3.8 80.5 9.4
10 80.3 4.7 79.1 6.3
20 84.1 1.8 76.3 6.8
MA
3 83.8 2.4 78.6 11.4
10 81.6 4.9 77.3 9.3
20 88.4 35 79.3 8.6
MDA
3 90.6 2.4 79.43 9.7
10 88.0 3.3 83.6 9.7
20 87.2 3.3 83.7 8.4
MDMA
3 80.4 2.5 70.8 12.6
10 81.4 1.3 73.3 8.0
20 78.2 3.7 73.2 8.3

As shown in Table 4.3, the intra-day %RSDs were in the range from 1.3 to 4.9%
whereas the inter-day %RSDs were in the range from 6.3 to 12.6% for the examined
concentrations which may due to degradation of amphetamines during storage at 4 'C
for five days. These results indicate that the proposed extraction method using
modified silica beads has both good reliability and applicability, as the %RSD values

were within the bioanalysis acceptable limit of 15%.%*®

155



Chapter 4: Results and Discussion - Combined DNA and Drugs Extraction

4.2.5.6 Pre-concentration performance

SPE has been successfully reported to have extracted and pre-concentrated different
compounds of interest from different sample matrices.®® *** 31312 The principle of
the pre-concentration method is to load a low concentration of analyte in a large
sample volume and then elute the analyte in small volume. The pre-concentration
capability of Cyg silica beads was investigated in this study for AM, MA, MDA and
MDMA from a large sample volume in order to improve the sensitivity of the
method and the detection limit. Pre-concentration was achieved by loading 1 ml of
20 pg ml™ mixed drugs standard onto the Cyg-modified beads and then washing with
1 ml ultra-pure water at 20 pl min™. In order to establish the minimum elution
volume required to elute all the introduced analytes from the modified solid
stationary phase, different amounts of mobile phase were used as an eluent (25, 50,
and 100 pl) at a flow rate of 10 ul min™. Each eluted fraction was directly injected
into the HPLC system and the peak area of each extracted analyte was compared
with the peak area of directly injected mixed drugs standard. The results are

presented in Table 4.4.

Table 4.4: The average concentrations of 1 ml mixed drugs standard
(20 pg mI™") pre-concentrated using Cys silica beads and then eluted with various
amounts of mobile phase (n = 3).

Pre-concentration factor
E'”t'o(nu:go'”me AM MA MDA MDMA
25 0.2 0.5 0.5 0.6
50 0.7 2 2.5 35
100 0.1 0.3 0.4 0.6
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As can be seen from Table 4.4, an elution volume of 25 pl was not sufficient to elute
all the loaded amount of the target analytes from the hydrophobic monolith.
However, significant improvements in the recovery of the analytes of interest were
then achieved by increasing the elution volume to 50 pl. In comparison with the
direct injection chromatogram (see Figure 4-25), the peak sizes of the eluted analytes
using a 50 pl mobile phase showed considerable improvement in UV sensitivity for
MA, MDA, and MDMA by 2, 2.5 and 3.5 times, respectively. Using the same
elution volume (50 ul), however, the proposed method cannot pre-concentrated AM,
as the peak size was decreased 30% compared to the direct injection chromatogram
of AM. That means the other analytes (MA, MDA, and MDMA) absorb the UV

light more than the AM.

In order to increase AM recovery, the elution volume was increased to 100 pl. This
elution volume (100 pl) resulted, however, in dilution of the pre-concentrated
analytes and a correspondingly significant reduction in the sensitivity of all the drugs
of interest. These results indicated that 50 pl was the optimum volume for
completely filling the packed modified silica beads in the female luer lock adaptor.
As shown in the previous section (4.2.5.5), the LODs for MA, MDA, and MDMA
were 0.59, 0.69, and 0.82 pug ml™, respectively. Therefore, the lowest concentrations
of MA, MDA, and MDMA that can be detected from a 1 ml sample volume when
eluted by the optimum minimum volume (50 pl) of mobile phase using HPLC with
UV detection are 0.30, 0.28, and 0.25 ug ml™, respectively, because the sensitivity

was increased by 2, 2.5 and 3.5 times for the corresponding drugs.
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Figure 4-25: Comparison of chromatograms when 1 ml of 20 pg of mixed drugs
standard was A) directly injected into the HPLC system and B) extracted using
Cig-modified silica beads and eluted with a 50 pl mobile phase. The HPLC
column was a 5 pm Prodigy” Cis (150 x 4.6 mm); isocratic conditions of 10%
acetonitrile:90% 50 mM phosphoric acid mobile phase (pH 4) at a flow rate of
1 ml min. UV detection was obtained at 210 nm and the injection volume was
20 pl

158



Chapter 4: Results and Discussion - Combined DNA and Drugs Extraction

4.3 Combined DNA and Drug Extraction

In general, simultaneous extraction methods involve the extraction of analytes from
the same group or those with a similar chemical characterisation. In this section, the
target analytes (DNA and amphetamines) are from different chemical groups and
thus have different structural and chemical characteristics. Combined extraction was
carried out using two types of silica in tandem: octadecylated coated silica beads
(packed inside a female luer lock connector) for drug isolation and thermally
activated potassium silicate (a microfluidic device) for DNA purification. Sample
loading, washing and elution of the target analytes was driven by hydrodynamic

pumping, as shown in Figure 4-26.
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Figure 4-26: Photograph of the experimental set-up for combined genetic and
drugs extraction. The Cyg silica beads were packed inside the luer lock adaptor
where the drug extraction takes place. The DNA extraction was carried out
within the microfluidic chip device.
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This study has some similarity to the method reported by Landers et al. for protein
capture in a commercial Cig reversed phase and DNA extraction on a monolithic

column within a microfluidic environment.!®

The aim of this current study,
however, was to develop and validate an analytical procedure to extract drugs
(amphetamines) and DNA using a single extraction procedure. A polar adsorbent (a
thermally activated monolith) was used to retain polar analytes (DNA), and a non-
polar adsorbent (C;g beads) was used to retain non-polar analytes (amphetamines). It
was important to investigate the compatibility of the DNA buffers and reagents in the
extraction recovery of the drugs of interest. DNA extraction efficiency was
calculated as the amount of eluted DNA expressed as a percentage of the total
amount introduced to the system.?® In addition, drug recovery was evaluated by the
ratio of peak areas for the extracted drug vs. the peak area for the corresponding non-
extracted standard analyte, expressed as a percentage. In order to investigate the
affinity of the DNA with the reversed phase, DNA extraction was carried out using
packed Cig silica beads only, as described in section 2.4.3. Figure 4-27 shows that
the majority of the DNA passed through the modified phase unretained. The small
amount of DNA retained (7%) was recovered during the elution stage, as DNA is
thought to be adsorbed onto the residual non-modified or non-capped silanol group.
The initial evaluation of the combined drugs and DNA method will discuss the DNA

extraction first, because it was eluted before the four amphetamines to avoid organic

solvent contamination (mobile phase) that may inhibit PCR.
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Figure 4-27: DNA extraction profile carried out on octadecylated silica beads
packed inside a luer lock adaptor.

The method of extraction was a hybrid between DNA and drugs extractions
described in sections 2.4.3 and 2.5.3. The surface of the silica was activated with
5 M GuHCI in a TE buffer (10 mM Tris, ImM EDTA; pH 6.7) for 30 minutes at a
flow rate of 5 pl min™. For efficient DNA adsorption onto the silica-based monolith,
the concentration of GUHCI should be 5 M in the final solution.™® Therefore, 10 M
GuHCI was prepared and then used to dilute the purified human DNA and stock
standard solution to achieve a sample volume of 50 pl, with 5 M GuHCI as the final
concentration. A volume of 50 pl TE buffer or artificial urine spiked with DNA
(13 ng) and the target amphetamines (final concentration of 5 pug ml™) was loaded
through the 50 pl glass syringe at a flow rate of 2.5 pl min™. PCR inhibitors were
then removed using 5 M GUHCI at a flow rate of 5 pl min™. DNA was eluted prior

to the amphetamines using 10 mM TE buffer at pH 8.5 at a flow rate of 1 pl min™.
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All analyte fractions from loading, washing and elution were collected in 4 pl

aliquots for DNA quantification and amplification.

As can be seen from Figure 4-28, once the DNA had passed through the reversed-
phase support, it was retained on the thermally activated potassium silicate and then
released under the influence of 10 mM TE buffer (pH 8.5) during the elution step. It
was determined that the proposed system was able to extract the DNA from the TE
buffer or artificial urine (36% and 30%, respectively) with almost a similar extraction
to that obtained previously for a single extraction method (chapter 3) with no adverse
effect on the Cy5 phase from the extraction of DNA. The extracted DNA was found
to be of sufficient quantity and quality for PCR amplification of the D21 S11 locus,
as determined by gel electrophoresis (Figure 4-29) due to amplification of the target

base pair size (223 bp and 227 bp).
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Figure 4-28: DNA elution profiles of 13 ng of purified DNA extracted from TE
buffer (—) and from artificial urine (....) using the tandem silica extraction
system (packed Cig silica beads inside a luer lock adaptor and a silica-based
monolith within a microfluidic device).
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Figure 4-29: UV transilluminator image of slab-gel electrophoresis results from
DNA eluted from an artificial urine sample using D21 S11 gene.

Next, the glass microfluidic chip was disconnected from the extraction set-up (Figure
4-26) by cutting the ETFE tube and then the packed Cig beads were washed with
highly purified water at a flow rate of 10 pl min™ to remove any previous buffer.
Finally, the adsorbed target drugs were eluted using optimised HPLC mobile phase
(10% acetonitrile:90% 50 mM phosphoric acid; pH adjusted at 4 by triethylamine) at
a flow rate of 10 pl min™. The eluted fractions from the spiked TE buffer and
artificial urine were directly injected into the HPLC system and the peak areas
obtained were compared with those of directly injected peak areas as shown in

Figure 4-30.
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Figure 4-30:

UV chromatogram of 5 pg ml* A) directly injected mixed

amphetamines standard and B) elution fraction of extracted artificial urine
using Cig silica beads after DNA extraction with a silica-based monolith. The
chromatographic conditions were: Prodigy Cig (150 X 4.6 mm column, 5 um);
isocratic conditions of 10% acetonitrile:90% 50 mM phosphoric acid mobile
phase (pH 4); flow rate of 1 ml min™. UV detection was obtained at 210 nm and
the injection volume was 20 pl.
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The four target amphetamines were successfully eluted from the reversed phase
using the optimised mobile phase. Recoveries of amphetamines from spiked samples
using the combined method of extraction are presented in Table 4.5. The recoveries
obtained from the current method (tandem solid-phases; Cig and normal phase)
showed no significant differences from those obtained from previous extraction
recoveries with a single extraction phase (Cis phase, section 4.2.5) with an

acceptable reproducibility (< 15%).

Table 4.5: The recoveries for the four target amphetamines extracted from TE
buffer and artificial urine using octadecylated silica beads in a series silica
system (n = 3).

TE buffer Artificial urine
Drug | ------=--smmsmmmmmmemeemeeeeeeo | e
(5 pg ml™) Recovery (%) RSD (%) | Recovery (%) RSD (%)
Pl 87 7 78 10.2
b 82 11 62 8.9
Dk 73 6 68 116
DAL 78 6 52 13
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4.4 Summary

The selectivity of the drugs of interest towards different silica materials was
investigated. The non-modified silica-based monolith that exhibited a normal phase
extraction due to surface silanol groups was found not to be efficient in retaining the
compounds of interest. In particular, SPE can be designed to be highly selective to

% Silica-based matrices

the analyte of interest through surface functionalisation.®*
such as monoliths or silica beads were successfully modified for the desired solid-
phase extraction. Lysine was covalently introduced into the silica-based monolith by
treating the epoxy monolith with hydrochloric acid in order to open the epoxy ring in
the y-glycidoxypropyltrimethoxysilane, which allowed the lysine to bond covalently
with the diol monolith. Infrared (IR) analysis confirmed the modification of the
silica-based monolith. For example, the bending vibrations of CH, and NH;
functional groups were observed with the modified monolith at wavelengths of 2980

and 1630 cm*, respectively. The zwitterionic properties of lysine were evaluated for

simultaneous adsorption of DNA and the drugs of interest.

The lysine-modified monolith showed high selectivity towards DNA at pH 5 (MES
buffer) with reasonable desorption of 77% extraction efficiency at pH 9 (carbonate
buffer) at a low flow rate (1 pl min™) without any adverse effect on PCR
amplification. In addition, the lysine-modified silica-based monolith had greater
binding capacity, 1.7 mg DNA g™, compared to 0.823 mg DNA g* for the silica
monolith. However, the lysine-modified monolith was unable to achieve the cation-
exchange required for the four amphetamines of interest. Therefore, lysine-modified
monoliths are not suitable for the simultaneous adsorption of DNA and the four

drugs of interest.
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To overcome the inability of the lysine-modified monolith to extract the drugs of
interest, silica was modified with chloro(dimethyl)octadecylsilane (Cyg). Silica beads
were successfully modified with C;g because it can functionalise the outer surface of
silica beads, whereas the thermally activated monolith cured within a glass capillary
was blocked by large Ci5 molecules. The IR spectrum of the modified silica beads
showed no water absorbance band at 3000 to 4000 cm*. For the extraction of the
drugs of interest, the modified silica beads were packed inside a female luer lock

adaptor to avoid the requirement of multiple steps such as stirring,*® 34

108, 233, 315 108

centrifugation or aspiration and dispensing™ of samples that are associated
with most of the current methods. The octadecylated silica beads were effective in
retaining the target amphetamines from authentic working solutions and an artificial
urine sample with extraction recoveries between 90% and 50%, respectively. The
proposed method was not only useful for small volumes of sample (50 ul), but was
found to offer pre-concentration for the four compounds from larger volumes (1 ml).
Extraction using the modified Cig silica beads required about 12 minutes, compared

O The validation data are

with 25 minutes for a conventional SPE cartridge.?’
indicative of excellent linearity in the range from 20 to 0.625 ug ml™; acceptable
precision < 15%; and correlation coefficients > 0.99. Using HPLC with UV
detection, the lowest amount of analytes in the sample that can be detected and

quantified were within the range from 0.56 to 0.82 pg ml™ and between 1.88 and 2.8

ng ml™, respectively.

For combined DNA and drugs of interest analysis using a single experimental work,
two solid-phase extractions were arranged in tandem (phase 1 and phase 2). The Cyg
silica beads for drugs extraction (phase 1) were packed inside a female luer lock

adaptor and then connected via ETFE tubing to a glass microfluidic chip that
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contained a thermally activated monolith (phase 2) for DNA extraction. All the
extraction procedures, such as sample loading, washing, and elution were performed
using hydrodynamic pumping. For low sample volumes (50 ul), the proposed
method was efficient at extracting both DNA and the four target compounds
simultaneously with minimal sample handling. DNA extraction efficiencies from the
spiked TE buffer and urine sample were 36% and 30%, respectively. In addition, the
recoveries for the four amphetamines were in the range between 93% and 52% with
acceptable precision (< 15%). In this study, an HPLC instrument with UV detection
obtained at 210 nm was used to calculate the extraction recovery of the drugs of
interest. The separation of the drugs was carried out on a 5 pm Prodigy” Cig
(Phenomenex, Torrance, CA, USA) 150 x 4.6 mm column under isocratic conditions
for the mobile phase (10% acetonitrile:90% 50 mM phosphoric acid, at pH 4 using

triethylamine), and a flow rate of 1 ml min™.
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Chapter 5: Conclusions

Conclusions

Analyses in the field of forensic toxicology can suffer from limited sample size,

particularly when multiple investigations are required. In response to that challenge,

this PhD project focused on developing a single extraction method that can be used

for combined DNA and drugs of abuse analysis using silica material coupled with

microfluidics to obtain more information from a low-volume single sample with

minimal sample handling and within a short amount of time. In order to achieve this,

the research work was divided into three sections:

1)

2)

3)

Extraction and pre-concentration of DNA from limited cell numbers, which may
include DNA from different species, using a solid-phase monolith structure.
Selection of suitable solid-phase extraction methods for  four
drugs of interest: amphetamine (AM), methamphetamine (MA),
3,4-methylenedioxyamphetamine (MDA) and 3,4-methylene-
dioxymethamphetamine hydrochloride (MDMA).

Optimisation of a combined solid-phase extraction methodology for DNA and

the drugs of interest from the same sample.

This study has focused on the use of silica-based matrices for the extraction of DNA

and drugs of interest using hydrodynamic pumping to generate controlled flow rates.

The conclusions from this work are summarised and discussed in the following

sections.
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5.1 DNA Extraction

Based on the reported literature,® ™ 316318

the adsorption of DNA on silica-based
monoliths was more efficient with the presence of a GUHCI loading buffer at pH 6.7
and accomplished desorption with solutions of low ionic strength or ultra-pure water.
The performances of both solutions in eluting DNA from a potassium silicate
monolith were investigated. The results of this investigation showed that high DNA
extraction recovery (45.6%) could be obtained with 10 mM TE at pH 8.5 compared
with 22.6% using purified water (pH 5.5). This indicates that elution depends on the
pH of the elution buffer, which should be slightly alkaline and contain a sufficient
number of counter-ions to break down the hydrogen bonding between the silica
surfaces and the DNA and enable the free DNA to return back into the solution.
Based on low cell numbers (i.e., limited biological samples), high DNA extraction
efficiencies were achieved without the need for additional carrier RNA™® due to the
high surface area and preferential use of DNA reversible binding sites afforded by
silica monoliths. Although other studies have shown that the commercial EZ1 DNA
Tissue extraction Kit is not suitable for samples that contain less than 10 ng of
DNA, % this relatively closed system showed robust performance with regard to pre-
concentrated limited samples containing 4 ng total DNA and subsequently eluted
with high extraction efficiency (84%) within a microfluidic environment device.
Given the low cell numbers that can be successfully extracted, this system lends
itself to the examination of clinical or forensic specimens where samples are often
limited, such as DNA profiling from crime scene samples. Although a silica-based
monolith was efficient at extracting low DNA quantity, it was not found to offer
species-specific extraction. This particular investigation is important in cases of
mixed DNA, such as sexual assault or contamination of human DNA with DNA

from other species.
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5.2 Drugs Extraction

Initially, the performance of a silica-based monolith in extracting the drugs of
interest was evaluated according to three different chemical properties of the
stationary phase (hydrophilic, hydrophobic, and ion-exchange) in order to determine
the most suitable extraction technique for amphetamines. Normal-phase extraction
of the four amphetamines showed low extraction recoveries (< 10%), which is in
good agreement with the results of a previous study where amphetamines showed

low recoveries with a common hydrophilic balance (Oasis HLB®) sorbent.*"

A lysine-modified monolith that showed zwitterionic ion-exchange also exhibited a
low retention affinity for the four positively charged amphetamines (< 5%), which
indicated that the weak cation-exchanger had a low retention for compounds with
aliphatic amines, such as amphetamines, when compared with a strong cation-
exchanger as predicted by Kuwayama et al.**® However, DNA was preferentially
adsorbed on a modified amino support due to electrostatic interactions between the
cationic solid support (NH3") and the negatively charged DNA and was eluted in
good quantity (77%) and of a quality that was useful for subsequent polymerase
chain reaction (PCR) analysis. DNA capturing using the lysine-modified monolith
was highly effective in terms of binding capacity (1.7 mg DNA g of monolith)

when compared to a non-modified monolith (823 pug DNA g™ of monolith).

High extraction recoveries (between 90% and 75%) from the TE buffer and artificial
urine spiked with the four drugs of interest were obtained using a chemically
modified silica-bead monolith with octadecyl groups. This proposed method, which
involves packed Cig beads inside a female luer lock adaptor, has several advantages:
it is simple and fast to extract target drugs within a short amount of time (12 minutes)

compared to conventional SPE cartridges (25 minutes) which require filtration, high-
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level skills and special equipment such as a vacuum or centrifuge.** In addition, the
method is useful for the simultaneous extraction of the four amphetamine drugs from
low-volume samples (50 ul), such as those associated with biological forensic
samples. The method was able to pre-concentrate MA, MDA and MDMA from a
large sample volume (1 ml) with improvement in the LOD by 2, 2.5 and 3.3 times for
the corresponding drugs when eluted using a small volume of mobile phase (50 pl of
10% acetonitrile and 90% 50 mM phosphoric acid; pH 4 adjusted by triethylamine)
but with 65% recovery for AM. In this study, the HPLC mobile phase was optimised
to separate the four drugs of interest in less than 10 minutes, which offers

considerable advantages.

5.3 Combined DNA and Drugs Extraction

Although DNA and amphetamine analyses are individually well established, no
combined extraction has been reported especially for forensic work, where often only
a limited sample is available in terms of quantity and quality. In this study, a tandem
reversed- and normal-phase system for independent purification of DNA and the
extraction of four amphetamines was successfully developed based on a single
experiment. The development of the two-phase extraction method will reduce the
possibility of sample loss and contamination due to minimal sample handling, which
will facilitate the ability to manipulate low-volume samples (50 pl). In addition,
with complex samples (such as blood), the proposed method is hypothesised to
reduce the competition of proteins for DNA active sites in the normal phase, as

indicated in the literature.®® *%°
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Further Work

Further Work

This work has demonstrated a novel application of a two-phase monolith for the

combined extraction of genetic material and drugs of interest within a single

extraction method. Further works are proposed to improve the work presented here:

1)

2)

3)

4)

This study has worked well with TE buffer and artificial urine analysis, but
further work is required in its application to a wide variety of real biological
sample types such as blood, urine, saliva and hair which might be collected from
a suspect in a police custody suite or found at the scene of a crime.

The proposed method simultaneously extracted four amphetamines using
octadecylated silica beads. There is a wide variety of drugs that can potentially
be abused; therefore, further work would require additional investigation of
different types of drugs, especially those containing amine groups such as
lidocaine, morphine and nicotine.

The current system involved the extraction of four target drugs using Cig-
modified beads packed inside a female luer lock adaptor and DNA extraction
using a thermally activated monolith cured inside a glass microfluidic chip.
Future work could involve complete integration of a closed system that would
allow extraction and detection of both DNA and drugs analysis within a single
microfluidic chip device.

The developed system is suitable for combination with immunochemical
techniques by immobilising a specific antibody on a monolith in order to reduce
the effect of endogenous matrix components and pre-concentrate the target
molecules to obtain a more sensitive immunoassay for a complete screening and

detection method.
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