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ABSTRACT

Recently, a demand for rapid, cost-effective, and environmentally friendly
analytical methods has increased. These approaches can be achieved with electrically driven
separation methods known as “capillary electrophoresis (CE)” due to short analysis time, low
solvent and sample consumption, and high separation efficiency. Additionally, the
miniaturization system, “microchip CE”, enables promise for higher sample throughput, lower
solvent and sample consumption, and consideration as a portable instrument.

This work purposed to evaluate the merits of these techniques in chemical and
biological fields towards green analytical chemistry. The CE method for the simultaneous
analysis of nicotine, cotinine, nicotinamide, and nicotinic acid was established using
triprolidine as an internal standard. The optimized condition was achieved in 25 mM sodium
dihydrogen phosphate (pH 2.1) using a capillary with a Ly, 0of 64.5 cm, 50 um i.d. (extended
path length), injection at 50 mbar for 10 s, and the applied voltage of 30 kV, and a baseline
separation at 10 min. The validated method was applied for the determination of nicotine,
cotinine (in a stress test of nicotine gum), nicotinamide, and nicotinic acid in pharmaceutical
formulations with the results found within USP limit.

Furthermore, the performance of commercial microchip CE with a red laser
induced fluorescence detection and its chips were evaluated. Simple and rapid chip-based
non-aqueous CE separation of several structurally related basic dyes (e.g. methylene blue,
toluidine blue, nile blue, and brilliant cresyl blue) was achieved in ~ 40 s in 80 mM NH,OAc,
870 mM acetic acid in DMSO with a separation length of 14 mm and injection/separation
voltages of 1,400/1,500 V. Then, single cell analysis of nile blue stained E. coli, B. subtilis,
M. luteus, S. aureus, C. albicans, and L. fungicola was achieved in ~ 20 s in 1 mg/mL CTAB
in 1 mM Tris/0.33 mM citric acid, pH 7.0, using 5 mg/mL SB3-10 as a blocking agent and
injection/separation voltages of -1,000/-1,000 V providing S/N of 26.2 — 34.0 with % RSD
within 2.45%. Separations of the bacteria and fungus mixture containing E. coli, S. aureus
and C. albicans were re-optimized and achieved in 3.94 mM Tris, 0.56 mM boric acid and
0.013 mM Na,EDTA pH 10.5, containing 0.025% PEO with injection/separation voltages of
1,000/1,000 V. Addtionally, the optimal condition was successfully applied for the separation
of Gram positive bacteria (i.e. B. subtilis, M. luteus, and S. aureus).

KEY WORDS: CAPILLARY ELECTROPHORESIS/ PYRIDINE/ MICROCHIP

CAPILLARY ELECTROPHORESIS/ FLUORESCENT DYE/
MICROORGANISM
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CHAPTER |
INTRODUCTION

Pyridine is a heterocyclic aromatic organic compound which presents in
many biologically active substances including nicotine (NIC), cotinine (COT),
nicotinic acid (NA) and nicotinamide (NM). NIC is a major alkaloid present in
tobacco, which accounts for 98% of the total alkaloids (1-2) and is the main known
addictive component of tobacco smoke (3-6). It is also the most frequently determined
compound as a biomarker of tobacco exposure in both smokers and non-smokers
exposed to environmental tobacco smoke (ETS). The relatively short plasma half-life
of nicotine (t*2 ~ 2.3 h) (7) and large inter-individual differences in the extent of
nicotine metabolism precludes its uses as a single accurate marker of nicotine uptake
from cigarette smoke. NIC is metabolized to more than 20 different derivatives,
among them, COT is a primary metabolite (70-80%) with similar structure to NIC (2).
COT has a longer plasma half-life of about 17 h and it has been assumed to be a better
biochemical measurement of nicotine uptake in smokers and non-smokers. NIC and
COT are frequently used as biomarkers of tobacco exposure, which appear in different
human biological fluids and matrices. Additionally, NIC has been added to
pharmaceutical formulations including chewing gums, spray, inhaler and beverages as
smoke cessation products. Moreover, nicotine in chewing gum can lead to cotinine and
further myosmine by the thermal and oxidative degradation (8). Therefore, detection
of tobacco alkaloids especially for nicotine content and its oxidized compound (COT)
content is obvious interest for both pharmaceutical and food industries in order to
regulate commercially by nicotine-related products. The United States Pharmacopeia
(USP) and British Pharmacopoeia (BP) recommend non-aqueous titration for the assay
of NIC in raw material (9-10), whereas high performance liquid chromatography
(HPLC) is for assay of NIC in gum (9). Additionally, analyses of NIC and COT in
different matrices by several methods have been described in literatures, such as
HPLC (11-18), gas chromatography (GC) (19-26) and capillary electrophoresis (CE)
(1, 27-33). Most of these works focused on the analyses of NIC, its related alkaloids
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and metabolites in biological samples (e.g. urine, plasma, saliva, brain tissue, human
milk, hair, vegetables and food products), tobacco or cigarette smoke (4-5, 11-31).
Thus, sample pre-treatment (e.g. liquid-liquid extraction, solid phase extraction (SPE),
solid phase microextraction (SPME), microdialysis or cloud point extraction) and
sensitive detectors such as mass spectrometer (MS), tandem MS and light emitted
diode induced fluorescence are required to enable the detection of NIC and its
derivatives in trace amounts. A few papers described the analysis of NIC in bulk
material, extended and immediate release dosage forms (6) and the analysis of five
NIC related alkaloids in chewing gums, beverage and tobacco (1).

Nicotinic acid (niacin, NA) and nicotinamide (niacinamide, NM) belong to
vitamin B group, which are water-soluble vitamins (34-35). NA and NM are
structurally related with a carboxylic or a carboxamide functional group respectively
bounded on a pyridine ring (35). They are well-known precursors in the synthesis of
the several co-enzymes, which involve in cell metabolism such as nicotinamide
adenine dinucleotide (NAD) and nicotinamide adenine dinucleotide phosphate
(NADP). Deficiency of these vitamins causes inflammation of mucus membranes and
illness known as pellagra (36). In addition, NA is clinically used for treatment of
dyslipidemia, which favorably affects all of the lipoprotein risk factors in
atherosclerotic diseases (37-40). Therefore, determination of NA and NM in
supplements, nutraceuticals and pharmaceuticals becomes necessary from
pharmacological and pharmaceutical aspects. The USP suggests spectrophotometry
for assay of NA in raw material and injection and HPLC for assay of NA in tablets,
NM in raw material, injection and tablets (9). BP recommends aqueous titration for
assay of NA in raw material and tablets and non-aqueous titration for assay of NM in
raw material (10). Previous works on analyses of NA and NM by several analytical
methods have been reported including spectrophotometry (41), voltammetry (42),
HPLC (35, 38, 43-46) and CE (34, 47-49). HPLC with UV and diode array detectors
(DAD) were mainly used for determination of NA and NM in multivitamin
preparations, whereas SPE coupled with MS was employed for detection of both
pyridines in industrial effluent (35) and in plasma (38, 43, 45-46).

Because of the related structures of NIC, COT, NA and NM, it is very
interesting to establish a fast, simple and cost effective method for the analysis of
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these compounds. Among several methods, CE has a high potential due to its
advantages in terms of applicability for a wide range of compounds, high separation
efficiency, simplicity, low solvent consumption and short analysis time. Therefore,
this work aimed to develop a common capillary zone electrophoresis (CZE) method
for the separation of NIC, COT, NA and NM and to apply the method for the analysis
of these analytes in pharmaceutical formulations.

Optimization was performed by varying types of background electrolytes
(BGEs), pH of BGEs, BGE concentration, applied voltage and injection time. The
influence of BGE types (i.e. citric acid and sodium dihydrogen phosphate) was
evaluated and sodium dihydrogen phosphate was chosen for further optimization on
pH of 1.9-3.5 and concentration of 15-30 mM. The applied voltage was varied from 20
to 30 kV and the injection volume was optimized by varying the injection time from 5
to 20 s at 50 mbar. Resolution, percent relative standard deviation (RSD) of migration
time, tailing factor and number of theoretical plate were used to determine the
optimum condition. The analysis of biologically active pyridine was performed on the
optimum condition of 25 mM sodium dihydrogenphosphate pH 2.1, the separation
voltage at +30 kV, temperature 25°C in a fused silica capillary with a total length
(Ltotar) OF 64.5 cm, an effective length (Lesr) of 56 cm and an inner diameter of 50 pm
i.d. (extended pathlength). Method validation was evaluated in term of linearity,
recoveries, inter-day, intra-day and injection precision, limit of detection and limit of
quantitation. Finally, this developed method was applied for the determination of
NIC, COT, NA and NM in pharmaceutical formulations and COT in stability studies
of NIC gum.
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CHAPTER I
LITERATURE REVIEW

1. Biologically active pyridines

Pyridines are heterocyclic aromatic organic compounds, which present in
many biologically active substances including nicotine (NIC), cotinine (COT),
nicotinic acid (NA) and nicotinamide (NM) (Figure 2.1). NIC is the major alkaloid
present in tobacco, which accounts for 98% of the total alkaloids (2) and the main
known addictive component of tobacco smoke (2, 5-6). NIC is metabolized to more
than 20 different derivatives, among them, COT is a primary metabolite (70-80%)
with similar structure to NIC (2, 7) (Figure 2.2). NIC and COT are frequently used as
biomarkers of tobacco exposure in both smokers and non-smokers exposed to
environmental tobacco smoke (ETS), which are important in evaluating the risk of
cancer (50-51). Additionally, NIC has been added to pharmaceutical formulations

including chewing gums, spray, inhaler and beverages as smoke cessation products.

=z =z
N7 .84) | I(4.72) ©
NS H3 N Hs
(3.04)N" (-0.41) ..
Nicotine Cotinine
(NIC) (COT)
(0] (@]
(2.07) 6.10)
| OH - | NH, Hy
N ~ Triprolidine
@myN (3.35) N (TRI)
Nicotinic acid Nicotinamide
(NA) (NM)

Figure 2.1 Structures of nicotine, cotinine, nicotinic acid, nicotinamide and triprolidine
(as internal standard). Number in parentheses indicate pK, of the compounds (32, 51-
54).
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Nicotine-1"-N-oxide (4.2-7. 6%)
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Q éHa \N (I;H3

HoOC 0 —
%/ / Nicotine
HO
OH
HO
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HO OH

OH
OOH

Nicotine-N-glucuronide
(3.8-4.0%)
trans-3’-Hydroxycotinine-

glucuronide (9.2-11.3%)

O — O

Cotinine (9.8-10.9%) Cotinine

O i AN N

Hy | J:

HOOC \N Hy
HO‘H%/ trans-3'-Hydroxycotinine

Cotinine-N-glucuronide (27.8-33.6%)

(13.2-18.1%) v
H
Z l\\\leo O
N éHg) J:H3
} 5’-Hydroxycotinine

Cotinine-N-oxide (2.5%) (1.6-3.6%)

Figure 2.2 Quantitative scheme of nicotine metabolism, based on average excretion of
metabolites as percentages of total urinary nicotine which present in parentheses.
Nicotine, cotinine and trans-3’-hydroxycotinine detected in blood and other

compounds indicate major metabolites excreted in urine (7, 55-57).
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Nicotinic acid (niacin, NA) and nicotinamide (niacinamide, NM), are
structurally related with a carboxylic or a carboxamide functional group respectively
bounded on a pyridine ring (Figure 2.1). NA and NM belong to vitamin B group,
which are water-soluble vitamins (35, 46). They are well-known precursors in the
synthesis of the several co-enzymes, which involve in cell metabolism such as
nicotinamide adenine dinucleotide (NAD) and nicotinamide adenine dinucleotide
phosphate (NADP) involved in cell metabolism. Deficiency of these vitamins causes
inflammation of mucus membranes and illness known as pellagra (38). In addition,
NA is clinically used for treatment of dyslipidemia, which favorably affects all of the

lipoprotein risk factors in atherosclerotic diseases (37).

2. Determination of biologically active pyridines

The detection of NIC content is important for both pharmaceutical and
food industries in order to regulate commercial nicotine-related products. The United
States Pharmacopeia (USP) and British Pharmacopoeia (BP) recommend non-agqueous
titration for the assay of NIC in raw material (9-10), whereas high-performance liquid
chromatography (HPLC) is for assay of NIC in gum (9). Additionally, analyses of
NIC and COT in different matrices by several methods have been described in
literatures, such as gas chromatography (GC) (19-20, 22-26, 58-64), HPLC (2, 11-18,
35, 38, 43, 65-83) and capillary electrophoresis (CE) (1, 27-32, 84-85). Most of these
works focused on the analyses of NIC, its related alkaloids and metabolites in
biological samples (e.g. urine, plasma, saliva, brain tissue, human milk and hair),
vegetables, food products, tobacco or cigarette smoke (2, 5, 11-20, 22-24, 26-31, 58-
59).  Thus, sample pre-treatment (e.g. liquid-liquid extraction, liquid phase
microextraction (LPME), solid phase extraction (SPE), solid phase microextraction
(SPME), single-drop microextraction (SDME), microdialysis or cloud point extraction
(CPE)) and sensitive detectors such as mass spectrometer (MS), tandem MS and light
emitted diode induced fluorescence are required to enable the detection of NIC and its
derivatives in trace amounts. A few literatures described the analysis of NIC in bulk
material, extended and immediate release dosage forms (6) and the analysis of NIC
and its related alkaloids in chewing gums, beverage and tobacco (1, 8).
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Determination of NA and NM in supplements, nutraceuticals and
pharmaceuticals becomes necessary from pharmacological and pharmaceutical
aspects. The USP suggests spectrophotometry for assay of NA in raw material and
injection and HPLC for assay of NA in tablets, NM in raw material, injection and
tablets (9). BP recommends aqueous titration for assay of NA in raw material and
tablets and non-aqueous titration for assay of NM in raw material (10). Previous
works on analyses of NA and NM by HPLC have been reported (35, 38, 43-46). UV
and diode array detectors (DAD) were mainly used for determination of NA and NM
in multivitamin preparations, whereas SPE coupled with MS was employed for
detection of both pyridines in industrial effluent (35) and in plasma (38, 43, 45-46).

Table 2.1 - 2.4 show the analytical methods that have been reported for the

determination of the investigated pyridines.
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3. Capillary electrophoresis

Electrophoretic separation technique is based on mobility differences of
the analytes in an electric field. When the voltage is applied, the charged species move
toward the electrode of opposite charge. The velocities of the migrating species also
depend on the size and mass-to-charge ratio of species and their environmental.
Electrophoresis has been performed on a support medium such as a semisolid slab gel,
paper or cellulose acetate. Capillary electrophoresis (CE) (Figure 2.3) has emerged as
an alternative, which the capillary wall provides the mechanical stability for the carrier
electrolyte (94). Fused silica capillaries employed in CE typically have internal
diameters (i.d.) of 20 to 100 um with outer diameter (0.d.) of 375 um, lengths from 20
to 100 cm and are externally coated with polymeric polyimide, which imparts
flexibility to the capillary that would be very fragile (95). CE incorporates all of
eletcrophoretic modes that are performed in the capillary. These are capillary zone
electrophoresis (CZE), micellar electrokinetic chromatography (MEKC), capillary
electrochromatography (CEC), capillary gel electrophoresis (CGE), and non-aqueous
CE (NACE). Furthermore, CE has been coupled to a wide variety of detection scheme
including optical (absorbance and fluorescence), electrochemical detection and mass
spectrometry (MS).

Sample injection Capillary Detector

system l l

\- ----- -

High voltage
| li Electrodes il |

Sample  Inlet Outlet

Figure 2.3 Typical CE instrumentation
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3.1 Principle of CE

The CE separation is based on the different ion velocities in background
electrolyte (BGE) under an applied electric field. The electric field (E) is given by
equation (2.1). The migration velocity of a particular species depends on its mobility

and the electric field which can be calculated by given equation (2.2).

E=VIL (2.1)
Where V = the voltage applied
L = the capillary length
v = UeE = peV/L (2.2)
Where v = ion velocity

e = electrophoretic mobility
E = applied electric field (volts/cm)
At the constant applied electric field (E), the ion mobility is influenced by

electrophoretic mobility of ions (94).

3.1.1 Electrophoretic mobility
The migration of charge species under an applied electrical field is
characterized by its electrophoretic mobility (i) which has units of cm?sec™V™.
L Of a charge species can be approximated from the Dabye-Huckel-Henry theory (94),
Ue = /6mnr (2.3)
Where q = the charge on the particle
n = the viscosity of the BGE
r = the Strokes’ radius of the particle
From equation (2.3), the electrophoretic mobility depends on charge density, viscosity
of electrolyte and ion radius. In the presence of an electroosmotic flow (EOF)
mobility, an apparent mobility (Mapp) IS @ sum of pe and the mobility of EOF (o)
which can be calculated by the equation (2.4) and (2.5).
Happ = He + Heo (2.4)
The peo can be measured using a neutral marker that moves at a velocity equal to the
EOF.
Happ = IL/ tV (2.5)
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Where | = effective capillary length (cm)
L = total capillary length (cm)
t = the migration time (s)
V = the applied voltage (volt)

3.1.2 Electroosmotic flow (EOF)

EOF occurs in fused silica capillaries because silanol groups (SiOH) at the
inner surface of the capillary dissociate when in contact with an electrolyte solution.
The ionized silanol groups (SiO") impart a layer of negative charge to the capillary
wall attract hydrated cations from the electrolyte solution and then arranged into two
layer (Figure 2.4). The ionic layer has a positive charge density that decreases
exponentially as the distance from the wall increases. The double layer formed closet
to the surface is termed the Stern layer and is static. A more diffuse layer form distal
to Stern layer is termed the outer Helmholtz plane (OHP). Cations in the OHP carry
water which led to the net movement toward the cathode under an applied field. This
EOF or bulk flow has a flat flow resulting in the low dispersion of sample zone due to
the uniform distribution of the electrical force along the capillary and acts as a
pumping mechanism to propel all molecules (cationic, neutral and anionic) in the
direction of the detector with separation eventually being determined by differences in
the electrophoretic migration of the individual analytes. Neutral analytes migrate with
EOF, cations migrate faster and anions migrate slower than EOF therefore it is useful
for characterization of sample component. The EOF is dependent on a number of
parameters including pH and ionic strength. An increase in EOF is led by increasing
of pH, however, the increase of the ionic strength undergoes a decrease of EOF (96).
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Figure 2.4 Electrical double layer at the ionized silica capillary wall and illustration of
EOF

3.2 Separation modes in CE

3.2.1 Capillary zone electrophoresis (CZE)

CZE also known as free-solution CE (FSCE), is the most
simple and widely used mode in CE. The separation mechanism is based on
differences in the charge-to-mass ratio of the analytes and relies principally on the pH
controlled dissociation of acidic groups or the protonation of basic functions on the
solute.  Analytes migrate in the discrete zone with the differences in their
electrophoretic mobilities. Neutral analytes are carried along by the EOF with un
resolved peak but cations and anions can be separated from EOF with the higher and
lower mobilities than EOF (94).

3.2.2 Capillary gel electrophoresis (CGE)

CGE is the adaptation of traditional gel electrophoresis into the
capillary using gel or viscous polymers to create a molecular sieve. This allows
analytes having similar charge-to-mass ratios to be resolved by size. Large molecules
are restricted and their velocities reduced but small molecules can pass through the
pores. This technique is commonly employed in the separation of macromolecules
such as proteins and nucleic acids (94).

3.2.3 Capillary isoelectric focusing (CIEF)

clEF allows amphoteric molecules, such as peptides and
proteins, to be separated by electrophoresis in a pH gradient which is generated

between the cathode and anode by the use of carrier ampholytes. Analyte will migrate
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to a point where its net charge is zero. At the analyte isoelectric point (pl), migration
stops and the sample is focused into a tight zone. This technique is commonly
employed in protein characterization as a mechanism to determine a protein's
isoelectric point (94, 96).

3.2.4 Capillary isotachophoresis (cITP)

cITP is a focusing technique based on the migration of the
sample components between leading and terminating electrolytes. During
electrophoresis separation, analytes having mobilities intermediate to those of the
leading and terminating electrolytes stack into discrete zones. All analytes migrate in
order of a decreasing mobility and a decreasing stepwise of conductivity versus time is
recorded. The length of the analyte zone is a quantitative parameter relating to the
concentration of analyte. The height of the step is qualitative parameter which is
characteristic of the analyte and it is directly proportional to analyte mobility. cITP is
used as a mode of separation for anions or cations, but not both simultaneously (94,
97).

3.2.5 Micellar electrokinetic chromatography (MEKC)

MEKC is similar to CZE which is performed with an addition
of surfactants (micelles) at a higher concentration than its critical micelle
concentration (CMC) to an electrophoretic medium. Analyte distribute between the
micelle and the surrounding aqueous phase and has an apparent charge, which can be
subject to electrophoretic separation. The migration velocity of the neutral analyte in
MEKC depends on what portion of the analyte is incorporated into the micelle.
Micelles work as pseudo-stationary phase corresponding to the stationary phase in
chromatography (98-99). Hence, MEKC is an effective alternative to LC technique
and have become capable technique to analyze samples containing mixtures of
charged and neutral analytes (99).

3.2.6 Microemulsion electrokinetic chromatography (MEEKC)

MEEKC is similar to MEKC except microemulsion is used as
a pseudo-stationary phase instead of micelle. The separation of analytes is based on
both their partition with microemulsion droplets and electrophoretic mobilities. The
microemulsion droplets are usually formed by sonicating immicible organic solvent

(heptanes or octane) with water. Surfactant is added at relatively high concentration to
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stabilize the emulsion. This allows the separation of both hydrophilic and
hydrophobic compounds and is used effectively as generic method to analyze a broad
range of pharmaceuticals (100).

3.2.7 Non-aqueous CE (NACE)

NACE involves the separation of analytes in a medium
composed of organic solvents. The physical and chemical properties of organic
solvent are very different from each other and from water allowing the important
characteristics of separations to be controlled on a wider scale than with water alone.
The viscosity and dielectric constants of organic solvents affect both analyte mobility
and the level of EOF. Solvent properties affect the acid-base behavior of analytes with
pK, values can differ up to many orders of magnitude. The use of non-aqueous
medium allows enormous variations in electrophoretic mobilities and separations are
not possible in aqueous CE can be performed with excellent selectivites. A further
benefit of NACE is the increased solubility of hydrophobic compounds which extends
the applicability of CE. Moreover, non-aqueous solvents are also fully compatible and
even sometimes more appropriate than water, with most of the detectors hyphenated
with CE (101).

3.2.8 Capillary electrochromatography (CEC)

CEC is a hybrid separation method that couples the high
separation efficiency of CZE with HPLC and uses an electric field acting as
electropump rather than pressure to propel the mobile phase through a packed
stationary phase. Because there is minimal backpressure, it is possible to use small-
diameter packings and achieve very high efficiencies. The separation mechanism is
based on both the electrophoretic mobility of the analytes and the nature of the
packing material. Its most useful application appears to be in the form of on-line
analyte concentration that can be used to concentrate a given sample prior to
separation by CZE (94).

3.3 Detection in CE
3.3.1 Absorbance detection
Ultraviolet (UV)/visible (Vis) absorbance detectors are the

most widely used detector types for CE. The detector response is based on the light
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absorption of substances at the wavelength of light source and classified in two region
of UV (190-350 nm) and Vis (350-700 nm) detectors (94). Non-UV/Vis absorbing
analytes must be derivatized with some chormophores prior detection or employed
indirect absorbance detection. The sensitivity of absorbance detection in CE is limited
by the optical path length which is restricted by the capillary inner diameter. The
extension of the detection region of the capillary to a bubble cell has been utilized to
improve detection limit in a narrow bore fused silica capillaries (96) (Figure 2.5).

3.3.2 Fluorescence detection

Fluorescence detection is the most sensitive detection mode
available for CE. In fluorescence, analyte molecules absorp a photon, and a fraction
of the electronically excited molecules emit a photon upon returning to the ground
state. A good fluorophore needs a high absorbtivity at the excitation wavelength (Aex).
After the molecule is excited, it is possible to return to a ground state by a nonradiative
process, forming a nonfluorescent product or emitting photon (fluorescence). Only
one of which produces fluorescence is measured. The analytical utilities of
fluorophore are the absorptivity, fluorescence quantum yield and photostability. The
molecule with higher absorptivity gives a more probability excited at a given
illumination intensity. The fluorescence quantum yield is the ratio of the emit photons
to the excited molecules, therefore good fluorophore exhibits the high fluorescence
quantum yield. The analytes do not exhibit a native fluorescence have to derivatize
with some types of fluorophore or an alternative is to perform indirect fluorescence
detection (102-103).

Light

l

77 N\
N

Figure 2.5 The extended path length of a narrow bore fused silica capillary

3.3.3 Electrochemical detection
Capacitively coupled contactless conductivity detection (C*D)
has introduced as an alternative detection method in CE. This is due to its universality

for the detection of small inorganic ions as well as organic and biochemical species
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(104). Two electrodes are placed around a fused-silica capillary in a certain distance
from each other and an oscillation frequency is applied in the range between 20 and
900 kHz. Conductivity changes of the electrolyte in the detection gap between the
electrodes inside the capillary using suitable amplifier electronics can be measured.
Nevertheless, the detection signal is obtained longitudinal dimension along the
capillary (105). C*D is non-destructive measurement and can be combined with other
detectors for simultaneous measurements including photometric and fluorometric
detections. The combination of detector is competent to detect the complicated
components or mixtures containing analytes with multiple properties (106-108).

3.3.4 Mass spectrometry (MS) detection

CE coupled to MS detection provides a powerful system for
the analysis of complex mixtures and it enables applications in characterization,
identification and quantitation. MS detection offers great advantages including
independence of a chromo- or fluorophore, lower LOD than UV, the structural
information and resolve of co-migrating peaks using the information of the mass as
second dimension. The separation electrolyte for hyphenation with MS has to be
volatile thus non-aqueous solvents are generally well-suited and add another parameter
to modify selectivity.  Additionally MS/MS can be used for structure elucidation or
for additional selectivity in order to gain sensitivity by reducing the chemical noise.
Selectivity can also be further increased by applying high-resolution MS with accurate
mass determination (109-110).
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CHAPTER I
MATERIALS AND METHODS

Name Grade Source/Supplier

(-)-Nicotine RS Riedel-de Haén (Seelze, Germany)

Fluka (Buchs, Switzerland)

Sigma (St. Louis Missouri, USA)
(-)-Cotinine RS Fluka (Buchs, Switzerland)
Nicotinic acid RS Sigma-Aldrich (St. Louis Missouri, USA)
Nicotinamide RS Sigma-Aldrich (St. Louis Missouri, USA)
Triprolidine RS Sigma-Aldrich (St. Louis Missouri, USA)
Nicotine gum - Millimed Co., Ltd. (Samutprakarn,
Multivitamin tablet - Anglo-French Drugs & Industries Ltd.
Nicotinic acid tablet - Interthai Pharmaceutical Manufacturing

Ltd. (Bangkok, Thailand)
30% Hydrogen peroxide AR Sigma-Aldrich (St. Louis Missouri, USA)
Sodium acetate AR Sigma-Aldrich (St. Louis Missouri, USA)
Methanol AR Labscan Asia (Bangkok, Thailand)
Anhydrous citric acid AR Riedel-de Haén (Seelze, Germany)
Sodium dihydrogen AR Sigma-Aldrich (St. Louis Missouri, USA)
phosphate dihydrate
85% Phosphoric acid AR Sigma-Aldrich (St. Louis Missouri, USA)
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Table 3.1 (continued) List of chemicals and reagents

Name Grade Source/Supplier

Hydrochloric acid AR
Sodium hydroxide AR

Sterile water for irrigation -
Buffer pH 4.0 -
Buffer pH 7.0 -

Fluka (Buchs, Switzerland)
Mallinckrodt Baker (Xalostoc, Mexico)

Thai Otsuka (Samutsakorn, Thailand)
Ajaxchemical (Sydney, Australia)
Ajaxchemical (Sydney, Australia)

Table 3.2 List of instruments

Instrument

Source/Supplier

Capillary electrophoresis (*° CE)
Capillary; i.d. 50 pm, o.d. 375
Capillary; i.d. 50 um, o.d. 375
um (extended path length)

Spectrophotometer

10 mm Square Quartz Cell with
Lid

Autopipette

pH meter

Analytical balance

Diposable syringe 3mL

13-mm syringe filters nylon 0.2
um

Centrifuge

Ultrasonic sonicator

Agilent Technologies (Waldbronn, Germany)
Polymicro Technologies (Arizona, USA)
Polymicro Technologies (Arizona, USA)

Shidmadzu UV-160A (Japan)
Labomed (California, USA)

Gilson Pipetman (Middleton, USA)
Consort model C830 (Turnhout, Belgium)
Sartorius model AE 160 (Goettingen,‘
Germany)

Nipro (Ayuddhaya, Thailand)

Vertical Chromatography (Bangkok,
Thailand)

Labfuge 200 (Heraeus, Germany)
Sithiporn Associates (Bangkok, Thailand)
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2 Capillary zone electrophoresis-diode array detection (CZE-DAD)
method

CZE was performed on a Hewlett-Packard instrument (*° CE) system
(model G1600A) and controlled by PC through Agilent ChemStation Plus software
version A.08 (G1601A). The detector measured in the range of 190-600 nm
(wavelength accuracy = 2 nm) was a diode array detector, which was consisted of a
deuterium. The regulation of high voltage was varied in a range of 0-30 kV (current 0-
300 pA, power 0-6 W). The temperature control the capillary tube was varied from 5
to 60 °C (£ 1 °C). The injection systems could be achieved by 1) applying pressure to
sample vials (hydrostatic injection) and 2) applying voltage (electromigration
injection).

The separation of the biologically active pyridines using a fused-silica
capillary tube with a total length (L) of 64.5 cm, an effective length (Legr) of 56 cm,
an inner diameter (i.d.) of 50 pm (extended pathlength) and an outer diameter (0.d.) of
375 um. The pre-conditioning procedure for a new capillary, for daily uses, between
runs and storage was described in Table 3.3.

The separation conditions were optimized by varying the background
electrolyte (BGE) types, pHs and concentrations, applied voltage and injection time.
Standard solutions were injected into the anodic capillary inlet using 50 mbar
pressures. The detection was performed using a diode-array detector at a wavelength

of 260 nm with a bandwidth 6 nm.
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Table 3.3 The capillary conditioning procedures for the separation of biologically

active pyridines

Conditioning Step Time (min)
New capillary
1) Rinse 1 N NaOH 10
2) Rinse 0.1 N NaOH 10
3) Rinse Deionized water 10
4) Rinse BGE 10
Daily condition before use
1) Rinse 1 N NaOH 5
2) Rinse 0.1 N NaOH 5
3) Rinse Deionized water 5
4) Rinse BGE 5
Between run
1) Rinse 0.1 N NaOH 2
2) Rinse Deionized water 2
3) Rinse BGE
Daily storage
1) Rinse 1 N NaOH 5
2) Rinse Deionized water 5
3) Rinse 0.1 N NaOH 5
4) Rinse Deionized water 5
Storage
1) Rinse 1 N NaOH 10
2) Rinse Deionized water 10
3) Rinse 0.1 N NaOH 10
4) Rinse Deionized water 10

5) Rinse Air 15
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2.1 Stock and working standard solutions preparation

Stock standard solutions of NIC, COT, NA, NM, and TRI (used as internal
standard, 1.S.) were prepared separately by transferring an accurate weight equivalent
to 10.0 mg of each standard in a 10-mL volumetric flask. Water was added and
adjusted to volume to obtain the final concentration of 1,000 pg/mL. All stock
standard solutions were kept in a refrigerator (at 4-8 ‘C).

Series of working standard solutions were prepared by transferring an
aliquot of the standard stock solution into volumetric flasks and diluted with water.
NIC, COT, NA, NM, and TRI were prepared in a range of 3.2 — 1,000, 2.5-160, 3-200,
2-200 and 100 pg/mL, respectively. All solutions were filtered through a 0.2-pm

membrane and degassed for 10 minutes prior injection.

2.2 BGE preparation

Citrate buffer was prepared by transferring citric acid and sodium citrate
equivalent to 150 mM (1.40 g of anhydrous citric acid and 0.05 g of sodium citrate)
into a 50-mL volumetric flask. Then, 40 mL of water was added and swirled. The
solution was adjusted to volume with water. BGE were adjusted to the desired pH by
adding 1 M hydrochloric acid or 1 M sodium hydroxide, filtered through a 0.2 um
membrane filter and degassed for 10 min prior introduced to CE instrument.

Sodium dihydrogen phosphate buffer was prepared by transferring sodium
dihydrogen phosphate dihydrate equivalent to 15, 20, 25 and 30 mM (0.117, 0.156,
0.195 and 0.234 g) into each 50-mL volumetric flask. Then, 40 mL of water was
added and swirled. The solution was adjusted to volume by water. BGEs were
adjusted to the desired pH by adding 85% phosphoric acid or 1 M NaOH, filtered
through a 0.2 pm membrane filter and degassed for 10 min prior introduced to CE

instrument.

2.3 Sample preparation

The extraction procedure of NIC gum was modified from Chiu and co-
workes (1). An accurately weighed NIC gum was cut into six pieces and transferred to
a 15-mL centrifuged tube. The contents of the gum was added in 10 mL of methanol

containing 100 ug/mL of I.S. and mixed at 65°C for 40 min. After cooling to room
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temperature, the mixture was sonicated for 15 min and then centrifuged for 10 min at
6000 rpm. The resulting clear liquid was evaporated and reconstituted with 10 mL of
deionized water. The extract was filtered through a 0.2 mm nylon membrane before

CE analysis.

Ten tablets of NM tablet (multivitamin tablet) were crushed and finely
powdered by a mortar and pestle. Powder equivalent to 25 mg of NM and about 50
mL of water were transferred into a 250- mL volumetric flask, heated until no more
dissolve and adjusted to volume by water. Ten ml of the solution was transferred into a
100- mL volumetric flask and diluted with water to obtain the final concentration of 10
pg/mL (9). The solution was filtered through a 0.2-um membrane filter and degassed

10 min prior injected into CE instrument.

Twenty tablets of NA tablet were crushed to fine powder by a mortar and
pestle. Powder equivalent to 500 mg of NA and about 50 mL of water were
transferred into a 100- mL volumetric flask, heated for 30 min, sonicated for 2 min,
shaked by mechanical means for 15 min, cooled to room temperature and adjusted to
volume by water and mixed. One mL of this solution was transferred into a 100- mL
volumetric flask and diluted with water to obtain the final concentration of 50 pg/mL
(9). The solution was filtered through a 0.2-um membrane filter and degassed 10 min

prior injected into CE instrument.

Stability of NIC was studied under stress conditions by thermal and
oxidative degradations. Nicotine gum was cut into small pieces and transferred to
tubes, which was then exposed to air and put on a water bath with controlled
temperature at 90°C. The samples were maintained under degrading conditions for 6 h
(8). Another degrading condition was examined by keeping nicotine gum in 10%
H,O; for 6 h at room temperature. NIC samples from both degrading conditions were

extracted by the procedure described above.
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2.4 Optimization

Preliminary experiment for the analysis of four biologically active
pyridines; NIC, COT, NA and NM by CZE was performed by the modified condition
from Lochmann and co-workers (30). The separation was carried out in 150 mM
citric acid, pH 3.6; capillary: 70 cm (50 cm to detector) x 50 um i.d.; 23 kV and
detection: UV 260 nm.

Further optimization was performed in a fused silica capillary tube with
Liotar of 64.5 cm, L of 56 cm and i.d. of 50 um (extended pathlength). The

investigated chemical and instrumental factors are shown in Table 3.4.

Table 3.4 Investigated chemical and instrumental factors

Factor Range

Types of BGEs Citric acid vs sodium dihydrogen phosphate
pH of BGEs 2.1-3.5

BGE concentration 15-30 mM

Applied voltage 20-30 kV

Injection time 5-20s

Optimum condition was determined from analytical parameters. These
parameters included, migration time (< 10.0 min), resolution (> 1.5), tailing factor
(close to 1.0) and number of theoretical plate (> 5,000), which can be calculated by the

following equation:

L ki U o)
W1 +w 2
Where R, = Resolution
tx = Migration time of analyte x
Wy = Baseline peak width (in time) of analyte x
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A4
TF=—0.05 (3.2)
2f
Where TF = Tailing factor
Woo5 = Width of peak at 5 % of peak height
f = Width of line from leading edge of peak to
the intercept of a perpendicular line
dropped from the peak maximum to the
base
2
N = 5.54(LJ (3.3)
Y0.5
Where N = Number of theoretical plates
t = Migration time of analyte
Wos = Temporal peak width at half height

2.5 Method validation
The optimum CZE condition was validated by the following procedures.
2.5.1 Linearity
Calibration curves of the investigated analytes were
established for five different concentrations (n = 3) on three different days in the range
of 3.2-1,000 pg/mL, 8-160 ug/mL, 10-200 pg/mL and 10-200 pg/mL for NIC, NM,
COT and NA, respectively. The calibration curves were plotted between peak area,
peak area ratio, peak height or peak height ratio against concentrations. Linear
regression, coefficient of determination (r’) and the percent relative standard

deviations (%RSDs) of slope and intercept were calculated by Microsoft Excel”.
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2.5.2 Precision
2.5.2.1 Injection precision
Injection precision was determined by repetitive
injection (n = 10) at the middle point concentration of the calibration curve of the
investigated pyridines.
2.5.2.2 Intra-day precision
Intra-day precision was determined on three
different concentration (n = 3) of each biologically active pyridines analyzed within
one day.
2.5.2.3 Inter-day precision
Inter-day precision was performed by determining
three different concentrations (n = 3) of each biologically active pyridines on six
different days.
All precision data was assessed from the %RSDs of migration
time, peak area, peak area ratio, peak height and peak height ratio of individual
biologically active pyridine, which was determined from the following equation:

%RSDs = S?D %100 (3.4)

Where: SD = the standard deviation of the mean value

X = the mean value

2.5.3 Limit of detection (LOD) and limit of quantitation (LOQ)

Limit of detection (LOD) is the lowest amount of an analyte in
a sample that can be detected, typically with acceptable signal to noise ratio (S/N) of
3. Limit of quantitation (LOQ) is a characteristics of quantitative assays. It is the
lowest amount of analyte in the sample that can be determined with acceptable
precision and recovery with a S/N of 10.

LODs and LOQs of each biologically active pyridines were
determined by serial diluting the concentration of the standard solution of the

investigated pyridines at S/N of 3 and 10, respectively (n = 3).
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2.5.4 Recovery

Recovery of the method of was performed using standard
addition method by spiking 80-120 % of the standard into the sample containing 200
pg/mL of NIC, 10 pg/mL of NM and 50 pg/mL of NA (n = 3). Percent recoveries

were calculated by the following equation:

2 found
%Recovery = —2UC » 100 (3.5)
add

Where: Xsund = the concentration of standard found in the
spiked sample

Xaaa = the concentration of standard added
2.5.5 Robustness
Chemical parameter (i.e. pH) and physical parameters (i.e.
injection time and voltage) were evaluated for the robustness test. The variation
around the nominal value of pH (2.1+0.2) and injection time (10 s 1), results in a
change of injection volume from 15 nL to 13.5 and 16.5 nL, were performed. Voltage

was varied from -16.67% (25 kV) to —10% (27 kV) of the optimal value.

2.6 Applications

The developed and validated CE method was applied for the determination
of NIC, NM and NA content in pharmaceutical formulations and the degraded
products of NIC under the stress conditions. Two different brands of NIC chewing
gums, two different brands of NM in multivitamin tablet, one brands of NA tablet and
one brand of combined formulation of NA and NM in multivitamin tablet were
prepared and injected into CE instrument. Results were reported as percent label
amount. This method was also used for monitoring NIC gum stability under thermal

90 °C) and oxidative (10% H,0,) degradation.
g
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CHAPTER IV
RESULTS AND DISCUSSION

1. Optimization

1.1 Effects of types of BGE

CZE was developed for the separation of the analytes using TRI as an
appropriate 1.S. since it was well separated from NIC, COT, NM and NA under all
investigated conditions. Initial separation of the analytes was performed in 150 mM
citric acid (30) and 25 mM sodium dihydrogen phosphate pH 2.5 (33) (Figure 4.1).
Figure 4.2 shows the effects of the types of BGEs on the analytical parameters. All
analytes and TRI were well separated (Rs > 2.0) in both BGE with a migration order of
NIC, TRI, NM, COT and NA, respectively. However, the separation efficiency (Rs >
5.9 and N > 69,207) was superior in sodium dihydrogen phosphate buffer and also
peaks of NM and NA were tailing (TF > 1.5) in citric acid buffer. Therefore, sodium
dihydrogen phosphate buffer was selected for further optimization since it provided
the better peak shape and the S/N from this buffer was 1.3-fold higher than in citric
acid buffer.

1.2 Effects of pH of BGE

Varying pH from 2.1 to 3.5 greatly influenced migration time and peak
shape of NA (Figure 4.3). From pH 2.1 to 2.9, migration times of NIC, NM and COT
remained almost constant within 8 min, but that of NA increased from 9.6 to 25.2 min.
These results are in good agreement with those reported by Marsh et al. (31) and
Terekhova et al. (32), which confirms that NIC, COT, and NM were in their
protonated forms at low pH. However, NA existed as zwitterions at pH 3.5 and as a
mixture of cations and zwitterions at lower pH (32), resulting in an asymmetric peak
(TF =0.7). Moreover, separation efficiency of all analytes significantly dropped at pH
greater than 2.5. For example, N dropped from 264,928 to 75,428 for NIC, from
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133,667 to 38,274 for NM, from 89,512 to 24,811 for COT, and from 69,207 to 20,848
for NA when pH increased from 2.5 to 2.9. At pH 3.5, COT and protonated NA co-
migrated (Rs = 0). Although the highest resolution was obtained at pH 2.5 (Rs > 5.9),
pH 2.1 was chosen since it offered the lowest RSD of t, (< 0.37%) within 10 min
(comparing to 17 min at pH 2.5) (Figure 4.4).

MATTq
o NIC a) Citric acid buffer
&0 4
o] NM

w0 TRI| COT NA

304
209
104

o4

/] 2 4 6 g 10 12 14 16 18 min

] b) Phosphate buffer
o NIC
i" NM NA

40 TRI CcoT

[} 2 4 6 g 10 12 14 16 18 min

Figure 4.1 Effects of types of BGEs on the separation of the investigated pyridines.
Conditions: a) 150 mM citric acid pH 2.5 and b) 25 mM sodium dihydrogen phosphate
pH 2.5; capillary 64.5 cm total length (8.5 cm to the detector), 50 um i.d. (extended
pathlegth); hydrodynamic injection at 50 mbar for 10 s; temperature 25 °C; voltage
30kV; detection by UV absorbance at 260 nm. Peak identification: NIC, nicotine;
TRI, triprolidine; NM, nicotinamide; COT, cotinine; NA, nicotinic acid.
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Figure 4.2 Effects of types of BGEs on analytical parameters of the investigated
pyridines, a) % relative standard deviation (%RSD) of migration time (t,,) and relative
migration time (t;) calculated from tn/t;s, b) resolution (Rs), ¢) tailing factor (TF) and

d) number of theoretical plates (N).
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Figure 4.2 (continued) Effects of types of BGEs on analytical parameters of the
investigated pyridines, a) % relative standard deviation (%RSD) of migration time (ty)
and relative migration time (t;) calculated from ty/t;s, b) resolution (R;), c) tailing

factor (TF) and d) number of theoretical plates (N).
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Figure 4.3 Effects of pHs of BGEs on the separation of the investigated pyridines.
Conditions: 25 mM sodium dihydrogen phosphate pH a) 2.1, b) 2.5, ¢) 2.9 and d) 3.5;
capillary 64.5 cm total length (8.5 cm to the detector), 50 um i.d. (extended

pathlength); hydrodynamic injection at 50 mbar for 10 s; temperature 25 °C; voltage
30kV; detection by UV absorbance at 260 nm. Peak identification: NIC, nicotine;

TRI, triprolidine; NM, nicotinamide; COT, cotinine; NA, nicotinic acid.
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Figure 4.4 Effects of pHs of BGEs on analytical parameters of the investigated
pyridines, a) % relative standard deviation (%RSD) of migration time (t,,) and relative
migration time (t;) calculated from tn/t;s, b) resolution (Rs), ¢) tailing factor (TF) and

d) number of theoretical plates (N).
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Figure 4.4 (continued) Effects of pHs of BGEs on analytical parameters of the
investigated pyridines, a) % relative standard deviation (%RSD) of migration time (ty)
and relative migration time (t;) calculated from ty/t;s, b) resolution (R;), c) tailing

factor (TF) and d) number of theoretical plates (N).
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1.3 Effects of BGE concentrations

Results from effects of BGE concentrations revealed that increasing of
sodium dihydrogen phosphate buffer (pH 2.1) concentrations from 15 to 30 mM
increased migration time from 8.3 to 13.5 min (Figure 4.5). Increased resolution was
also observed due to reduction of EOF. However, increasing the BGE concentration
to 30 mM increased the RSDs of t; because of the high current causing elevated
temperature and peak dispersion. Phosphate buffer at 25 mM was optimal since it
gave the lowest RSD of t, for most analytes (< 0.37%) and highest N for NA (Figure
4.6).

1.4 Effects of applied voltage and the injection time

Increasing of voltage from 20 to 30 kV decreased the migration time from
22.8 t0 9.6 min due to the enhanced EOF velocity (Figure 4.7). At the lowest voltage
(20 kV), most peaks were broad with lower S/N (Figure 4.8). Voltage of 30 kV was
selected since it gave shortest tp, (9.6 min).

The amount of sample loading depended on the injection time when the
injection pressure was constant (50 mbar). The sample loading effects (50 mbar for 5-
20 s) showed that 10 s was appropriate because loading time of 5 s provided peaks
with lower sensitivity, whereas at injection times of 15 and 20 s, NA peak was highly
skew and broad (TF = 1.7) with significant drops of separation efficiency of most
analytes (Figure 4.9-4.10).

The optimized condition for the separation of the analytes was in 25 mM
sodium dihydrogen phosphate buffer pH 2.1 with the migration order of NIC, TRI
(1.S.), NM, COT and NA, respectively (Figure 4.9b). The separation was performed
using a fused-silica capillary tube with Ly 0f 64.5 cm, Legs of 56.0 cm and i.d. of 50
um (extended pathlength). Hydrodynamic injection was at 50 mbar for 10 s, the
temperature and applied voltage were 25 "C and +30 kV. The detection wavelength

was 260 nm.
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Figure 4.5 Effects of concentrations of BGEs on the separation of the investigated

pyridines. Conditions: sodium dihydrogen phosphate pH 2.1 at the concentration of a)
15 mM, b) 20 mM, c) 25 mM and d) 30 mM; capillary 64.5 cm total length (8.5 cm to
the detector), 50 um i.d. (extended pathlength); hydrodynamic injection at 50 mbar for
10 s; temperature 25 °C; voltage 30kV; detection by UV absorbance at 260 nm. Peak

identification: NIC, nicotine; TRI, triprolidine; NM, nicotinamide; COT, cotinine; NA,

nicotinic acid.
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Figure 4.6 Effects of concentrations of BGEs on analytical parameters of the
investigated pyridines, a) % relative standard deviation (%RSD) of migration time (ty)
and relative migration time (t;) calculated from ty/t;s, b) resolution (R;), c) tailing
factor (TF) and d) number of theoretical plates (N).
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Figure 4.6 (continued) Effects of concentrations of BGEs on analytical parameters of
the investigated pyridines, a) % relative standard deviation (%RSD) of migration time
(tm) and relative migration time (t;) calculated from t/t; s, b) resolution (R;), c) tailing

factor (TF) and d) number of theoretical plates (N).
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Figure 4.7 Effects of applied voltage on the separation of the investigated pyridines.
Conditions: 25 mM sodium dihydrogen phosphate pH 2.1; capillary 64.5 cm total
length (8.5 cm to the detector), 50 um i.d. (extended pathlength); hydrodynamic
injection at 50 mbar for 10 s; temperature 25 °C; voltage a) 20 kV, b) 23 kV, ¢) 25 kV,
d) 27 kV and e) 30 kV; detection by UV absorbance at 260 nm. Peak identification:
NIC, nicotine; TRI, triprolidine; NM, nicotinamide; COT, cotinine; NA, nicotinic acid.
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Figure 4.7 (continued) Effects of applied voltage on the separation of the investigated
pyridines. Conditions: 25 mM sodium dihydrogen phosphate pH 2.1; capillary 64.5
cm total length (8.5 cm to the detector), 50 um i.d. (extended pathlength);
hydrodynamic injection at 50 mbar for 10 s; temperature 25 °C; voltage a) 20 kV, b)
23 kV, ¢) 25 kV, d) 27 kV and e) 30 kV; detection by UV absorbance at 260 nm. Peak
identification: NIC, nicotine; TRI, triprolidine; NM, nicotinamide; COT, cotinine; NA,

nicotinic acid.
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Figure 4.8 Effects of applied voltage on analytical parameters of the investigated
pyridines, a) % relative standard deviation (%RSD) of migration time (t,,) and relative
migration time (t;) calculated from tn/t;s, b) resolution (Rs), ¢) tailing factor (TF) and

d) number of theoretical plates (N).
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Figure 4.8 (continued) Effects of applied voltage on analytical parameters of the
investigated pyridines, a) % relative standard deviation (%RSD) of migration time (ty)
and relative migration time (t;) calculated from t./t;s, b) resolution (R;), c) tailing

factor (TF) and d) number of theoretical plates (N).
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Figure 4.9 Effects of injection time on the separation of the investigated pyridines.
Conditions: 25 mM sodium dihydrogen phosphate pH 2.1; capillary 64.5 cm total
length (8.5 cm to the detector), 50 um i.d. (extended pathlength); hydrodynamic
injection at 50 mbar for a) 5s, b) 10 s, ¢) 15 s and d) 20 s; temperature 25 °C; voltage
30 kV; detection by UV absorbance at 260 nm. Peak identification: NIC, nicotine;
TRI, triprolidine; NM, nicotinamide; COT, cotinine; NA, nicotinic acid.
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Figure 4.10 Effects of injection time on analytical parameters of the investigated
pyridines, a) % relative standard deviation (%RSD) of migration time (t.,) and relative
migration time (t;) calculated from tn/t;s, b) resolution (Rs), ¢) tailing factor (TF) and

d) number of theoretical plates (N).
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Figure 4.10 (continued) Effects of injection time on analytical parameters of the
investigated pyridines, a) % relative standard deviation (%RSD) of migration time (ty)
and relative migration time (t;) calculated from ty/t;s, b) resolution (R;), c) tailing

factor (TF) and d) number of theoretical plates (N).
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2. Method validation

The optimized CZE condition for the separation of NIC, NM, COT and
NA was validated in terms of linearity, precision, recoveries, LOD, LOQ and

robustness.

2.1 Linearity

The calibration curves of NIC, NM, COT and NA were established by
triplicate injections of five different concentrations of the working standard solutions.
From Table 4.1, the calibration curves were plotted from the concentration vs peak
area and peak area ratio. Detector response was linear with r? between 0.9970-0.9998
in ranges of 50-600 pg/mL for NIC, 8-160 pg/mL for NM and 10-200 pg/mL for COT
and NA.

2.2 Precision

Precision of the optimized CZE condition was evaluated from intra-day,
inter-day and injection precision. Table 4.2 shows the precision of the method.
%RSDs of ty, and peak area of analytes decreased when they were corrected with ty,
and peak area of I.S. For intra-day precision, %RSDs of t. and peak area ratio were
less than 1.75 and 2.16, respectively. For inter-day precision, the %RSD of t, and peak
area ratio were less than 2.24 and 2.10, respectively. The %RSD of injection precision
of t; and peak area ratio were less than 1.82 and 1.86, respectively.
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2.3 Limit of detection (LOD) and limit of quantitation (LOQ)

LOD and LOQ of analytes were the concentration that can be determined
with acceptable precision and recovery at the signal to noise ratio (S/N) of 3 and 10,
respectively. Figure 4.11-4.14 and Table 4.3 shows LODs and LOQs of NIC, NM,
COT and NA. LOQs of analytes were around three times (2.8-3.3 times) greater than
LODs.

Table 4.3 LODs and LOQs of NIC, NM, COT and NA

Analyte LOD (ug/mL) LOQ (ng/mL)
NIC 1 3.2 (0.89)
NM 2.5 8 (1.80)
COT 3 10 (1.28)
NA 2 5.5 (1.80)

*numbers in parentheses represent %RSDs (percent relative standard deviation), LOD
= limit of detection, LOQ = limit of quantitation
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Figure 4.11 Electropherograms of nicotine (NIC) at limit of detection (LOD) and limit
of quantitation (LOQ) levels. CE conditions see Figure 4.9b.
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Figure 4.12 Electropherograms of nicotinamide (NM) at limit of detection (LOD) and
limit of quantitation (LOQ) levels. CE conditions see Figure 4.9b.
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Figure 4.13 Electropherograms of cotinine (COT) at limit of detection (LOD) and
limit of quantitation (LOQ) levels. CE conditions see Figure 4.9b.
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Figure 4.14 Electropherograms of nicotinic acid (NA) at limit of detection (LOD) and
limit of quantitation (LOQ) levels. CE conditions see Figure 4.9b.



Nantana Nuchtavorn Results and Discussion / 66

2.4 Recovery
Recovery was performed by the standard addition method by spiking NIC,

NM and NA in the range 80-120% of assay concentration to pharmaceutical samples.
Table 4.4 show recoveries of NIC, NM and NA. Percent recoveries of NIC, NM and
NA were found in a range of 95.4-97.2%, 98.2-101.5% and 100.4-102.4%,

respectively.

Table 4.4 Recovery data

% Recovery

%Add 80 100 120 average  %RSD (n = 23)
NIC 95.4 96.6 97.2 96.4 0.98
NM 98.2 100.5 101.5 100.1 1.66
NA 100.4 102.4 102.0 101.6 1.06

*%RSD = percent relative standard deviation
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3. Applications

The developed and validated method was applied for the determination of
NIC, NM, COT and NA in pharmaceutical formulations containing single and
combined analytes in formulations and in stress test of a product. The method was
applied to determine NIC in three different lots of NIC gum, NM in two different lots
of vitamin B complex tablets, NA in one lot of NA tablets and NM and NA in one lot
of multivitamin tablets. BGE and water (sample solvent) did not interfere the CE
separation since no extra peaks were observed during the analysis. Relative migration
times of the analytes in sample solutions do not differ from those of the standards
(0.75, 1.07, 1.29 and 1.87 for NIC, NM, COT and NA, respectively) (Table 4.6). The
internal standard plays a roles on precision enhancement. In sample solutions, data
shows that RSDs calculated from relative migration times (1.93%) were smaller than
those calculated from migration times (3.21%). Figure 4.15 shows typical
electropherograms of NIC, NM and NA in various products. Percent label amounts of
the tested samples were within 99.1-104.3% (RSD < 1.95%), which were within the

USP limits (Table 4.6).

Table 4.6 Assay data*

Brand t; % Labeled USP 31 limit
(min,n=9) amount
(n=3)
NIC (2 mg/gum) A 0.75 (1.23) 103.3 (1.03)  90.0-120.0
NIC (2 mg/gum) B 0.75 (1.69) 102.9 (0.79)
NIC (4 mg/ gum) B 0.76 (1.87) 100.9 (1.01)
NM (15 mg/tablet) C 1.09 (1.56) 101.4 (1.30)  90.0-110.0
NM (20 mg/tablet) D 1.08 (1.21) 100.2 (1.52)
NA (50 mg/tablet) E 1.84 (1.43) 99.1 (1.03) 90.0-110.0
NM, NA (45 and 15 F 1.08 (1.85), 104.3 (1.86),
mg/tablet, respectively) 1.93(1.42) 103.7 (1.95)

* numbers in parentheses represent %RSDs (percent relative standard deviation), t.=

relative migration time calculated from t/t;s.
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Additionally, the validated method could be applied for determination of
COT in force degradation of NIC gum. The degradant (COT) was well separated from
the major peak (NIC). Small amounts of COT (1.48% w/w) was found in the thermal
degradation (90 °C, 6 h) of NIC gum sample and no other peaks were observed within
10 min (Figure 4.15b).
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Figure 4.15 Electropherograms of a) NIC in chewing gum b) NIC and its oxidized
product (COT) from stress test ¢) NM in multivitamin tablets d) NA in tablets and e)
NM and NA in multivitamin tablets. Conditions: 25 mM sodium dihydrogen
phosphate pH 2.1; capillary 64.5 cm total length (8.5 cm to the detector), 50 um i.d.
(extended pathlength); hydrodynamic injection at 50 mbar for 10 s; temperature 25 °C;
voltage 30 kV; detection by UV absorbance at 260 nm. Peak identification: NIC,

nicotine; TRI, triprolidine; NM, nicotinamide; COT, cotinine; NA, nicotinic acid.



Nantana Nuchtavorn Results and Discussion / 70

d) NA in tablets

TRI

o] NA

[1] 2 4 6 g 10 12 min

e) NM and NA in multivitamin tablets

0] S B J\___._,.___
1:3 1‘]

[1] 2 4 6 ] min

Figure 4.15 (continued) Electropherograms of a) NIC in chewing gum b) NIC and its
oxidized product (COT) from stress test c) NM in multivitamin tablets d) NA in tablets
and e) NM and NA in multivitamin tablets. Conditions: 25 mM sodium dihydrogen
phosphate pH 2.1; capillary 64.5 cm total length (8.5 cm to the detector), 50 um i.d.
(extended pathlength); hydrodynamic injection at 50 mbar for 10 s; temperature 25 °C;
voltage 30 kV; detection by UV absorbance at 260 nm. Peak identification: NIC,

nicotine; TRI, triprolidine; NM, nicotinamide; COT, cotinine; NA, nicotinic acid.



CHAPTER V
CONCLUSION

CZE method for the simultaneous analysis of NIC, COT, NM and NA
in pharmaceutical formulations was established using TRI as an internal standard.
Optimization was performed by varying chemical parameters i.e. types of BGEs (citric
acid vs sodium dihydrogen phosphate), pH of BGEs (2.1-3.5) and concentration of
BGEs (15-30 mM) and instrumental parameters i.e. the applied voltage (20-30 kV)
and injection time (5-20 s). The separation of the investigated pyridines was achieved
in 10 min in 25 mM sodium dihydrogen phosphate (pH 2.1) using a capillary with a
total length of 64.5 cm (8.5 cm to the detector), 50 um i.d. (extended path length);
hydrodynamic injection at 50 mbar for 10 s, temperature of 25 °C, the applied voltage
of 30 kV and detection at 260 nm. The optimum condition provided a baseline
separation of all compounds with the Rs > 3.60, N > 42,117, TF = 1.31-1.90, %RSD of
tm < 2.24 and %RSD of t; < 1.18. The optimized CZE condition was validated in term
of linearity, precision, recoveries, LOD and LOQ. Calibration curves were established
over 3.2-1,000, 8-160, 10-200 and 10-200 pg/mL for NIC, NM, COT and NA,
respectively. The good linearity (r> = 0.9970-0.9998) was obtained for all analytes.
Precision of method was performed by intra-, inter-day and injection precision. The
%RSD of ty, and t; were less than 3.25 and 2.24, respectively and the %RSD of peak
area and peak area ratio were less than 3.42 and 2.16, respectively. Recoveries were
performed by standard addition method in a range of 80-120% of the assay
concentrations. Recoveries of analytes were in the range of 96.4-101.6% with %RSD
of 0.98-1.66. The LODs were 1, 2.5, 3 and 2 pg/mL (%RSD 1.79-2.06) and the LOQs
were 3.2, 8, 10 and 5.5 pg/mL (%RSD 0.89-1.80) for NIC, NM, COT and NA,
respectively. Robustness data obtaining from the variation around the nominal value
of pH (2.1£0.2), injection time (10 s £1) and voltages (25, 27 and 30 kV) revealed that
t, and Rs were not significantly affected despite of the varied pH of the BGE,

separating voltage and injection time. Finally, the validated method was applied for
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the determination of NIC, NM, COT (in stress test of NIC gum) and NA in
pharmaceutical formulations. The % label amounts of two different brands of NIC
chewing gums, two different brands of NM in multivitamin tablet, one brands of NA
tablet and one brand of combined formulation of NA and NM in multivitamin tablet
were 99.1- 104.3% (%RSD < 1.95), which were within limit of USP. Additionally,
this method could be applied for determination of COT in thermal degradation (90 °C,
6 h) of NIC gum. Small amounts of degradant (COT) (1.48% w/w) was found in the
NIC gum sample and was well separated from the major peak (NIC).
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CHAPTER VI
INTRODUCTION

The emergence of microfluidics and lab-on-a-chip technology has
generated much interest in analytical chemistry over recent years. The first
applications were those of electrophoretic separations, primarily because of the
simplicity of using voltages to control fluid and analyte movement within these
devices. The improvement of throughput for many samples, particularly in the
biological and life sciences that revolve around the use of electrophoresis is also
needed. Moving to the microfluidic platform results in separations that can be
achieved in shorter time of analysis than that previously being achieved in
conventional CE instrumentation and there are now a number of examples illustrating
the benefits in moving to the microchip platform (1-4). In order to conduct research in
microfluidics, it is necessary to have access to analytical microchips and also to have
the instrumentation to use these microchips. Early researchers had to make their own
microchips from plastics and glass, piecing together instrumentation to make an
appropriate detection system (5-12). However, the commercial suppliers present an
alternative route to mainstream researches and there are now a number of commercial
avenues to microchip sources, with both standard and customized designs available, as
well as those that also provide the necessary equipment to perform simple
electrophoretic separations.

One of the commercial consumer-grade instrument from the Agilent 2100
Bioanalyzer (Agilent Technologies, Waldbronn, Germany) using relatively simple
chips, through to the products from Caliper LifeSciences. Generally, this system is
sold as kits with fixed methods and little flexibility, which approaches for a variety of
voltage-driven separation techniques, addressing separation of DNA, RNA and protein
samples. However, this work aimed to evaluate performances of the commercial
microchip CE instrument and its DNA chips for orienting this instrument as a generic

CE platform with high throughput analysis. The main limitation in this regard is the
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method of detection, with the Bioanalyzer featuring a 634/38 nm laser for laser
induced fluorescence (LIF) detection with emission collected at 685/22 nm (13-14)
and the short separation length, with 14 mm from injection to the detector. Therefore,
several structurally related fluorescent basic blue dyes (i.e. methylene blue (MB), nile
blue A perchlorate (NB), toluidine blue (TB) and brilliant cesyl blue (BC)), were
selected as test analytes to develop appropriate microchip condition for the separation
of basic dyes. Non-aqueous CE (NACE) was optimized by varying types and
concentrations of BGEs, BGE solvents and water contents in the BGE. The optimal
NACE separation of fluorescent dyes was achieved in 80 mM NH;OAc, 870 mM
acetic acid in DMSO using DNA chip with separation length of 14 mm,
injection/separation voltage 1,400/1,500 V and temperature of 25°C. The optimized
NACE condition was validated in term of linearity, precision, LOD and LOQ.
Detection of microbial contamination  especially  pathogenic
microorganisms is critical to ensure the safety and quality in food/beverage,
pharmaceutical and medical industries (15-16). Conventional culture methods are
widely used for bacterial enumeration; however, for accurate enumeration of bacterial
numbers, epifluorescence microscopy and flow cytometry have been used to detect
various fluorescent dyes stained cells (17-21). Although epifluorescennce microscopic
observation provides color and cell shape information, individual differences may rise
due to human error (22). It is also laborious and time consuming. Flow cytometry is
an effective alternative to traditional methods of cell detection, since the procedure
offers rapid, sensitive, and reliable quantification of individual cells. However, flow
cytometer is relatively expensive and require complicated maintenance and skilled
operators. On-chip flow cytometry can be an interesting promise due to its
miniaturization and automation feasibility (23). This study investigated the on-chip
flow cytometry for the cell enumeration of bacteria and fungi with appropriate
fluorescent staining. Nile blue (NB) was used as a fluorescent stain for E. coli, B.
subtilis, M. luteus, S. aureus, C. albicans and L. fungicola. The optimization of NB
concentration for cell staining was investigated on the on-chip flow cytometry to
ensure complete cell staining. Then, analyses of single microorganism were carried
outin 1 mg/mL CTAB in 1 mM Tris/0.33 mM citric acid, pH 7.0 using 5 mg/mL SB3-
10 as blocking agent, separation length 14 mm, injection/separation voltage -1,000/-
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1,000 V and temperature of 25°C. The developed method provided the simple, cheap,
rapid and efficient microbial analysis which would be useful for contamination testing.

However, separations of a mixture containing E. coli, S. aureus and C.
albicans had to be re-optimized by varying pHs of BGEs and amount of PEO in TBE
buffer. The optimal condition was achieved in 3.94 mM Tris, 0.56 mM boric acid and
0.013 mM Na;EDTA pH 10.5 containing 0.025% PEO, separation length 14 mm,
injection/separation voltage 1,000/1,000 V and temperature of 25°C. This condition
was also applied for the separation of Gram positive bacteria such as B. subtilis, M.

luteus and S. aureus.
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CHAPTER VII
LITERATURE REVIEW

1. Microchip capillary electrophoresis

Recently, microfluidics has generated the enormous interest of researches
in analytical sciences as a novel approach to high speed separation, increase sample
processing throughput, high separation efficiencies, integration of sample preparation
steps into the device and small reagent and sample consumption (24). The first
applications were those of electrophoretic separations, primarily because of the
simplicity of using voltages to control fluid and analyte movement within these
devices. The improvement of throughput for many samples has been rapidly adapted
to a variety of applications those are environmental, industrial and particularly the
biological and life science applications. Moving to the microfluidic platform results in
separations that can be achieved in shorter time of analysis than that previously being
achieved in conventional CE instrumentation and there are now a number of examples
illustrating the benefits in moving to the microchip platform (1-4). In order to conduct
research in microfluidics, it is necessary to have access to analytical microchips and
also to have the instrumentation to use these microchips. Microchip CE separations
have been performed in a variety of materials i.e. glass and polymer. Several
characteristics of material allow it to serve as a suitable substrate for microchip CE
applications and these are listed below (24).

- The substrate should supports a stable EOF because it affects the
apparent mobility. If the EOF is not stable, changes in apparent mobilities provide
irreproducible results and makes difficulty in peak identification by migration time.

- Most detection is based on optical schemes thus, the substrate is
necessary to provide a good optical clarity at the monitoring wavelengths. The
substrate material must possess small extinction coefficients at those wavelengths in
UV absorption detection. For fluorescence detection, the excitation wavelength must

not produce large backgrounds.
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- The device requires the microfabrication of channels with pm
dimensions. Therefore, the material should provide accessibility to a variety of
microfabrication technologies to make high reproducibility and the required
dimensions and aspect ratios. In addition, the fabrication should produce fairly smooth
sidewalls.

- The substrate materials may require chemical modification of its surface
to modify or suppress the EOF or establish a stationary phase (capillary
electrochromatography, CEC). Therefore, stable and diverse modification chemistries
must be supported by the intended substrate material.

- The microchip CE separation may require the use of either an aqueous,
organic or mixed organic/aqueous electrolyte. Therefore, the substrate must be
compatible with the background electrolyte due to a good wettability with a wide
range of electrolytes and not providing deformation. Additionally, the substrate
should possess good thermal conductivity and lead to minimize Joule heating when
operated at high electric field strengths (24).

CE chip are mainly fabricated using various glass sustrates, from
inexpensive soda lime glass to high quality quartz because they are similar to fused
silica that uses in conventional CE. Also, the favorable optically transparent
properties of glass and quartz substrates offer the detection of analytes using a variety
of optical readout modes such as absorbance (UV-Vis), LIF,
electrochemiluminescence, or refractive index. Its surface chemistry is reasonably
well-characterized, compatible with most solvents, stable in high temperature
applications due to its high glass transition temperature (Table 7.1). The most
significant drawbacks associated with using glass as a substrate is the requirement for
a cleanroom-based fabrication facilities. Fabrication for glass substrate are usually
generated using standard photolithographic technologies (25-26).

Polymer microchips has generated attention due to the use of replication
based microtechnologies with the ability to manufacture inexpensive devices in large
numbers, hence being disposable. A additional attractive is the wide range of
available plastic materials (e.g. polyethylenephthalate (PETG), poly(dimethylsiloxane)
(PDMS), polymethyl methacrylate (PMMA), polyimide (PI), polystyrene,
polyvinylchloride and polycarbonate), which allows the manufacturer to choose
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materials’ properties suitable for their specific applications. Methods for the
fabrication of polymer microchips include laser ablation, injection molding, silicone

ruber casting and hot embossing (26-27)

Table 7.1 Comparison of glass and polymers properties (25, 27)*

Property Glass PDMS PMMA Pl
Polymer type NA Elatomeric Thermoplastic ~ Thermoplastic
Glass temperature
. 525 -120 106 285
(°C)
Useful temperature
<500 -40to 50 -70to 100 -7310 240
range (°C)
Thermal conductivity
1.2 0.17t0 0.3 0.186 0.2
(W/mK)
Visible transmittance
>90 91 92 87
(%)
Surface charge
) Yes Weak Yes No
(native)
Chemical resistance
Acid Excellent  Fair-good Good Fair-good
Solvent Excellent Poor Poor Fair
Alkali Excellent  Poor-fair Excellent Fair-good

*PDMS = poly(dimethylsiloxane), PMMA = polymethyl methacrylate, Pl = polyimide

Sample introduction in microchip CE differs from conventional CE.
Integrated sample injection is typically used to produce the small sample size
(measured in pL) required for microchip CE. The integrated injectors are usually
either cross channel injector (single T injector), form by intersection the sample to
sample waste reservoirs or twin T injector where the two arms of the sample to sample
waste channel are offset to form a larger injector region (Figure 7.1). Injection volume
is defined by electrokinetic injection of short injection plugs. Band broadending of
plug injection can occur from leakage around the intersection. The leakage has been
attributed to diffusive and convective phenomena. This leakage can be reduced by
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using the pinched mode in which the buffers from two adjacent channels are flowed by
application of electrical bias to shape the plug (26). Sample leakage can cause peak
tailing. To avoid this, the buffer is pushed back into the sample channel and analyte
waste channel by applying a push-back voltage. This can be applied for a short
duration to provide a clean cut of the injection plug. In the case of repetitive
injection/separation, the loading time for a subsequent injection should be long enough
to compensate for the location of the sample front pushed back in the previous

separation (28).
Buffer

Injection h
Sample Q O Sample waste

Separation

Detection —»

O

Buffer waste

a) single T injector b) twin T injector
Buffer Buffar

Sample
Sample Sample waste
Sample waste

Bufferwaste Bufferwaste

Figure 7.1 Microchip CE schematic with two injector configurations: a) single T

(cross) injector and b) twin T injector.
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Although worldwide researchers have been made efforts to develop their
own microchips from glass and plastics, piecing together instrumentation to make an
appropriate detection system (5-12), commercial suppliers present an alternative route
to mainstream researches and there are now a number of commercial avenues to
microchip sources, with both standard and customized designs available, as well as
those that also provide the necessary equipment to perform simple electrophoretic

separations.

2. Fluorescent stained microorganism detection

Dyes are commonly used to provide colour for various products including
medications, foods, clothing, and paint and ink components (13). Dye analysis has
considerable applications in numerous industries, as well as being important in
environmental, forensic science and life science in particular microbiological area.
Moreover, molecular methods for early diagnosis of malignant disease have been
considerably improved by employing fluorescence.  Additionally in analytical
chemistry field, the dyes are widely used to derivatize substances of interest prior
determination with fluorescence detection because only few biogenic substances and
microorganisms show adequate inherent fluorescence.

Basic dyes are positively charged and used to bind negatively charged
tissues or cell components. Their primary mechanism of cell staining is ionic bonding.
Basic dyes have amino groups or alkylamino groups as their auxochromes and
consequently have overall positive charges. These dyes, possessing strong absorption
and fluorescence bands in the red region, are classified as oxazine (i.e. nile blue (NB)
and brilliant cresyl blue (BC)) and thiazine (i.e. methylene blue (MB) and toluidine
blue (TB)) (Figure 7.2). Oxazine dyes containing polar chromophores are an
important group of laser dyes frequently used as an active medium in tuning lasers.
However, their spectral behavior and laser properties are strongly influenced by the
solvent properties and they have also been established to be a solvatochromic dye
because of its highly sensitivity to surrounding (29). Recently, the interest in long-
wavelength emission fluorescent dyes has increased remarkably, since this spectral
region exhibits minimal interference especially from biological samples (30-32).
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Figure 7.2 Structures of methylene blue, toluidine blue, nile blue and brilliant cresyl

blue.

Detection of microbial contamination especially pathogenic microorganisms is
critical to ensure the safety and quality in food/beverage, pharmaceutical and medical
industries (15-16). Conventional culture methods are widely used for bacterial
enumeration; however, for accurate enumeration of bacterial numbers, epifluorescence
microscopy and flow cytometry have been used to detect various fluorescent dyes
stained cells (17-21). Although epifluorescennce microscopic observation provides
color and cell shape information, individual differences may rise due to human error
(22). 1t is also laborious and time consuming. Flow cytometry is an effective
alternative to traditional methods or cell detection, since the procedure offers rapid,
sensitive, and reliable quantification of individual cells. However, flow cytometer is
relatively expensive and require complicated maintenance and skilled operators. On-
chip flow cytometry can be an interesting promise due to its miniaturization and
automation feasibility (23). Furthermore, capillary and microchip electrophoresis
could potentially revolutionize certain aspects of microbiology involving diagnosis,
profiling of pathogens, environmental analysis, and many other areas (33). Microbes
have a surface charge that originates from the ionization of surface molecules and the

adsorption of ions from solution. Microbial cell wall and membranes containing
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numerous proteins, lipid molecules, lipopolisaccharides which give them characteristic
charge. Therefore, cells undergo with their own mobility. Table 7.2 shows capillary
and microchip electrophoresis methods that have been reported for the analysis of the

microorganisms.
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CHAPTER VIII
MATERIALS AND METHODS

1. Materials

Table 8.1 List of chemicals and reagents

Name Grade Source/Supplier

Nile blue A perchlorate (NB) RS Aldrich (Wisconsin, USA)

Methylene blue (MB) RS Aldrich (Wisconsin, USA)

Toluidine blue (TB) RS Fluka (Buchs, Switzerland)

Brilliant cresyl blue (BC) RS Fluka (Buchs, Switzerland)

Fluorescein RS Fluka (Buchs, Switzerland)

Ammonium acetate (NH,OAC) AR Sigma-Aldrich (St. Louis Missouri,
USA)

Sodium acetate (NaOAc) AR Sigma-Aldrich (St. Louis Missouri,
USA)

Calcium nitrate (Ca(NO3),) AR Aldrich (Wisconsin, USA)

Lithium chloride (LiCl) AR Fluka (Buchs, Switzerland)

Cetyltrimethylammonium bromide AR Fluka (Buchs, Switzerland)

(CTAB)

Caprylyl sulfobetaine (SB3-10) AR Sigma-Aldrich (St. Louis Missouri,
USA)

Poly(ethylene oxide) (PEO, MW AR Aldrich (Wisconsin, USA)

600,000)

Tris(hydroxymethyl)aminomethane AR Sigma-Aldrich (St. Louis Missouri,

(Tris)

USA)
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Table 8.1 (continued) List of chemicals and reagents

Name Grade Source/Supplier

Sodium tetraborate decahydrate AR Sigma-Aldrich (St. Louis Missouri,
USA)

Ethylenediaminetetraacetic acid AR Sigma-Aldrich (St. Louis Missouri,

disodium salt dihydrate USA)

(Na;EDTA-2H,0)

Acetic acid AR Sigma-Aldrich (St. Louis Missouri,
USA)

Boric acid AR Sigma-Aldrich (St. Louis Missouri,
USA)

Citric acid AR Riedel-de Haén (Seelze, Germany)

Acetonitrile (ACN) AR Sigma-Aldrich (St. Louis Missouri,
USA)

Dimethyl sulfoxide (DMSO) AR Sigma-Aldrich (St. Louis Missouri,
USA)

Dimethylformamide (DMF) AR Sigma-Aldrich (St. Louis Missouri,
USA)

Methanol (MeOH) AR Sigma-Aldrich (St. Louis Missouri,
USA)

Hydrochloric acid AR Fluka (Buchs, Switzerland)

Sodium hydroxide AR Sigma-Aldrich (St. Louis Missouri,
USA)

Buffer pH 4.0 - Fluka (Buchs, Switzerland)

Buffer pH 7.0 - Fluka (Buchs, Switzerland)
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Table 8.2 List of instruments

Instrument

Source/Supplier

The 2100 Bioanalyzer
DNA chip

The Cell Fluorescence kit

Spectrophotometer

Autopipette

pH meter

Analytical balance (AE 160)
25-mm syringe filters with
polyvinylidene difluoride (PVDF)
membrane 0.2 um
Microcentrifuges

Ultrasonic sonicator

Vortexer

Water purification system

Agilent Technologies (Waldbronn, Germany)
Caliper Labchip®, Agilent Technologies
(Waldbronn, Germany)

Caliper Labchip®, Agilent Technologies
(Waldbronn, Germany)

Perkin-Elmer Lambda 40 UV/VIS
Spectrometer (Massachusetts, USA)
Eppendorf Research® (Hamburg, Germany)
Thermo Fisher Scientific Orion Model 420A*
(Massachusetts, USA)

Sartorius (Goettingen, Germany)

Whatman® (New Jersey, USA)

VWR™ Galaxy 7D (Leicestershire, UK)
Branson Model 5510 (Connecticut, USA)
IKA® MS3 (North Carolina, USA)

Millipore-Milli-Q system (Massachusetts,
USA)

2. Standard fluorescent dye solution, background electrolyte and

fluorescent stained microorganism preparations

2.1 Fluorescent dye solution preparations

Stock solutions of MB, TB, NB and BC were prepared at a concentration

of 1 mM in acetonitrile (ACN) and diluted as necessary in appropriate background

electrolyte (BGE) (see section 2.2). All stock standard solutions were kept at room
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temperature and protected from light. Working standard solutions were diluted from
the stock solutions to obtain concentrations of 5-28 uM, 10-100 pM, 1.5-50 nM and
10-75 nM for MB, TB, NB and BC, respectively.

2.2 BGE preparations

2.2.1 BGEs for separations of fluorescent dyes

NH4OAc, monovalent (i.e. NaOAc and LiCl) and divalent (i.e.
Ca(NOs),) metal salts were used to prepare BGEs. Electrolytes were prepared by
transferring NH4OAc, NaOAc, LiCl and Ca(NO3), equivalent to 26 - 90 mM
NH;OACc, 26 - 70 mM NaOAc (13), 26 - 70 mM LiCl and 15 - 40 mM Ca(NOs3); (e.g.
0.010 - 0.035 g for NH4OAc, 0.011 - 0.029 g for NaOAc, 0.006 - 0.013 g for LiCl and
0.012 - 0.033 g for Ca(NOs),) into each 5-mL volumetric flask. Then, DMSO
containing 870 mM acetic acid was added and adjusted to volume.

BGE containing 870 mM acetic acid in different solvents were
investigated using DMSO, 60% MeOH and 60% ACN. Additionally, water content in
DMSO was optimized.

2.2.2 BGEs for analysis of single microorganism

Stock solution of 10 mM Tris/3.3 mM citric acid was prepared
by transferring 0.030 g Tris/0.015g citric acid into a 10-mL volumetric flask and
sterile water was added to volume. The solution was adjusted to pH 7.0 using 1 M
hydrochloric acid or 1 M sodium hydroxide and diluted to 1 mM Tris/0.33 mM citric
acid (solution A). CTAB was added to solution A to obtain concentration of 1 mg/mL
CTAB.

For analysis of single microorganism, a blocking agent was
required to focus cells in narrow zone. Liquid nutrient broth and SB3-10 were used as
blocking agents. Liquid nutrient broth was autoclaved at 121 °C and 15 psi for 15 min
and SB3-10 was weighed and dissolved in sterile water to obtain concentration of 5
mg/mL (49).

2.2.3 BGEs for separations of microorganism mixtures

Tris-borate-EDTA (TBE) buffer stock solution containing 394
mM Tris, 56 mM boric acid and 1.3 mM EDTA was prepared by transferring 0.477 ¢
Tris, 0.035g boric acid and 0.005 g Na,EDTA2H,0 into a 10-mL volumetric flask
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and sterile water was added to volume. This solution was adjusted to pH 8.5, 9.0, 9.5,
10.5 and 11.0 with 1 M hydrochloric acid or 1 M sodium hydroxide solution and
diluted with sterile water to 3.94 mM Tris, 0.56 mM boric acid, 0.013 mM EDTA
working solution (solution B). 0.5% PEO was prepared by dissolving 0.025 g of PEO
in 5 mL of sterile water and sonicated at ~ 60°C for 4 h. BGESs containing 0.0125,
0.025 and 0.05% PEO were prepared by diluting 125, 250 and 500 pL, respectively, of
0.5% PEO solution with solution B into each 5-mL volumetric flask (45).

Sterile water was prepared by autoclaving deionized water at
121 °C and 15 psi for 15 min. All standard dye solutions and BGEs for both analyses
of fluorescent dyes and microorganisms were filtered through a 0.2-um membrane and
degassed for 5 minutes prior uses. BGEs for analysis of microorganisms were freshly

prepared.

2.3 Fluorescent stained microorganism preparations

The microorganisms (i.e. Gram negative bacteria; E. coli, Gram negative
bacteria; B. subtilis, M. luteus, S. aureus and fungi; C. albicans, L. fungicola) were
grown on agar plates and transferred from a single colony on a plate to a surface of
agar slant in a tube. The microbes were incubated until growth was evident then
refrigerated the tube. Before analyses, cells were taken with a sterile sterile loop and
streaked on an agar plate then incubated overnight. Well-isolated colonies were
transferred to a liquid nutrient broth and again incubated overnight. The cells were
harvested for uses when the concentration was around 10° colony forming unit
(CFU)/mL. Estimation of cell numbers was performed using optical density (OD).
OD of microbial samples is usually measured at 600 nm and known as ODggo. ODggo
depends on concentrations, species and strains of microbes, growth conditions used,
and wavelengths of the light being transmitted. Calibration curves were plotted
between ODggo against microbial concentration (CFU).

Fluorescent stained microorganism suspensions were freshly prepared by
the following procedure. 50 pL of microorganism suspensions was transferred to a
centrifuged vial, centrifuged 3000 rpm for 2 min, the excess broth was removed and
the microorganisms were washed with 1 mM Tris/0.33 mM citric acid buffer (pH 7.0).
Stock solution of NB (1 mM NB in ACN) was diluted to 100 pM with ACN and used
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as fluorescent stain. Cells were stained by adding 1.25 - 7.5 pL of the dye solution/50
pL of microbial solution (2.5 - 15 uM of NB) and vortexed to obtain homogeneous
cell staining. The cell suspensions were recentrifuged, decanted and finally suspended
in 1 mM Tris/0.33 mM citric acid buffer (pH 7.0) with the same volume as the broth
that was originally removed. The final concentration of the cells was ~108 CFU/mL

and used for analyses.

3. Microchip capillary electrophoresis (CE) and on-chip flow

cytometry with fluorescence detection methods

Microchip CE separations were performed on the Agilent 2100
Bioanalyzer (Agilent Technologies, Waldbronn, Germany), which was introduced as
the first commercially-available product.  Generally, this system approached for a
variety of voltage-driven separation techniques, addressing separation of DNA, RNA
and protein samples. However, other applications using CE methods were achieved in
this study using a DNA chip which was a disposable glass chip.

The microchannel design for the DNA chip used in this study is illustrated
in Figure 8.1. The microchip featured a separation channel with a total length of
approximately 40 mm and with 14 mm from injection to the detector. Width and depth
of microchannels were 40 um and 15 pum, respectively. Microchips were filled and
flushed with buffer by manually pipetting into the buffer reservoir and applying
vacuum to the buffer waste reservoir using a home-made device consisting of a 3-mL
plastic syringe and a piece of pipette tip that fitted tightly into the reservoirs on the top
of the chip. All channels of the chip were typically filled with electrolyte by capillary
force for 1 min but not over than 5 min in order to prevent the evaporation of
electrolyte. Sample reservoirs (up to 12 samples, Al-3, B1-3, C1-3 and D1-3) were
filled with 7 pL of sample, while buffer reservoirs were filled with 10 pL of buffer.
Electrofluidic control of the microchip was achieved by development of a new script
via the assay and script developer mode. Injection was achieved by applying voltage
(electrokinetic injection). The chip was interfaced a cartridge with 16 electrode pins
with the voltage controls. Voltage and temperature were varied in a range of 0 - 1,600

V and 5 - 40 °C, respectively. The system is capable of red laser-induced fluorescence
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(LIF) and blue light emitting diode-induced fluorescence (LEDIF) detections. The red
LIF is featured excitation at 634/38 nm (Aex) With emission collected at 685/22 nm
(Aem) and the blue LEDIF configures the excitation and emission wavelength of 470/25
nm and 525/30 nm, respectively. The detector focused onto the separation channel
using fluorescent dye that its Aex and Aex Matching to each detection. The focusing step
was performed prior the operation of CE separations. Data was displayed as

electropherograms, which were plots of migration time against fluorescence intensity.

OO

qu@

Figure 8.1 Photographs of the DNA chips used in this work. The photograph of the
glass chip (right) resemble the microchannel design layout of the chip as it would
appear if viewed looking through the plastic cover from the top. Wells A1-3, B1-3,
C1-3 and D1-3 were sample reservoirs. Buffer was placed in wells A4 to D4. A4 was
inlet buffer well, B4 and D4 were sample waste reservoirs and C4 was buffer waste

reservoir.

3.1 Compatibility of the chip

Compatiblity of the DNA chip with organic solvents (i.e. ACN, DMF,
DMSO and MeOH) was initially investigated. Appearances of the chips after filling
the plastic reservoirs with various organic solvents were visually observed. Further
experiments were examined on the analysis repeatability with three different chips for
~50 h by analyses of NB in BGE containing 26 mM NH;,OAc and 870 mM acetic acid
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in DMSO (13) using injection and separation voltage of 1,400 V at temperature of
25°C.

3.2 Optimization of fluorescent dye separations by chip-based NACE

Non-aqueous CE (NACE) separations of the blue fluorescent dyes was
initially carried out in 26 mM NH;OAc and 870 mM acetic acid in DMSO (13).
Further optimization was performed by evaluating effects of types and concentrations
of BGE (i.e. 26-90 mM NH;OAc, 26-70 mM NaOAc, 26-70 mM LiCl and 15-40 mM
Ca(NOg3), with 870 mM acetic acid in DMSO), BGE solvents (i.e. MeOH, ACN and
DMSO), and water contents in BGE (10-30%). Samples were electrokinetically
injected at 1,400 V for 50 s by application of 100 V to the sample waste reservoir and
1,500 V to the sample reservoir. Separation was performed at 1,500 V by application
of 100 V to the buffer waste reservoir and 1,600 V to the buffer reservoir.

Temperature was set at 25°C and detection was via the red LIF detector.

3.3 Method validation of chip-based NACE for separations of
fluorescent dyes
The optimum NACE condition was validated by the following procedures.
3.3.1 Linearity
Calibration curves of MB (5-28 uM), TB (10-100 uM), NB
(3.1-50 nM) and BC (10-75 nM) were established by analyzing five concentrations of
the dyes on three different days (n = 3). The calibration curves were plotted between
peak area or peak height against concentrations. Linear regression and coefficient of
determination (r?) were calculated by Microsoft Excel®.
3.3.2 Precision
3.3.2.1 Injection precision
Injection precision was determined by repetitive
injection (n = 10) at the middle point concentration of the calibration curve of the
investigated dyes.
3.3.2.2 Intra-day precision
Intra-day precision was determined from three

different concentrations (n = 3) of each dyes analyzed within one day.
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3.3.2.3 Inter-day precision
Inter-day precision was performed by determining
three different concentrations (n = 3) of each dyes on six different days.
All precision data was assessed from the %RSDs
of migration time, peak area and peak height.
3.3.3 Limit of detection (LOD) and limit of quantitation (LOQ)
Limit of detection (LOD) is the lowest amount of an analyte in
a sample that can be detected, typically with acceptable signal to noise ratio (S/N) of
3. Limit of guantitation (LOQ) is a characteristics of quantitative assays. It is the
lowest amount of analyte in the sample that can be determined with acceptable
precision and recovery with a S/N of 10.
LODs and LOQs of each fluorescent dye were determined by
serial diluting the concentration of the standard solution of the investigated dyes at
S/N of 3 and 10, respectively (n = 3).

3.4 Optimization of fluorescent staining of micoorganisms using on-
chip flow cytometry

Optimization of NB concentration for cell staining was investigated by on-
chip flow cytometry. Cells were stained with NB at the concentrations of 2.5-15 uM.
The optimal NB concentration for each microorganism was determined from the
maximum cell events on a dot plot of the on-chip flow cytometry.

On-chip flow cytometry employed vacuum to move cells through the
microfluidic channels of a special cell-fluorescence chip. Fluid flow was controlled
by a peristaltic pump and the vacuum was controlled by a pressure sensor (range O -
140 mbar), to guarantee a constant flow speed within the microfluidic channels. A
special cartridge was used to interface the pressure control with the chip. The system
was comprised of two independent fluorescence detections and cells were analyzed on
disposable glass chips, while flowing through microfluidic channels. Cells were
hydrodynamically focused to a portion of the microfluidic channel before they passed
the detector in single cell. Channel dimensions were 25 x 75 um with rounded shape
wells. Cell numbers could be counted up to 2,500 cell events in 4 min. This resulted

in sample preparation of 2,000 cells/uL. The glass chip was glued into a plastic holder
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as shown in Figure 8.2. In order to test performance of the chip design and detection
system, commercially available calibration beads were used. Red and blue

fluorescently labeled beads were measured on the microfluidic system.

1
CB p = PS
CB N PS
23 ()0 == «
45 (OIC
~ 2-3
\ > vu

ra

(o nM—

2l 1l

Figure 8.2 The microchannel layout of the cell chip (right), as it would appear if

viewed looking through the plastic cover from the top, used for on-chip flow
cytometry. PS and FD were priming solution and focusing dye reservoirs, respectively.

CB were cell buffer reservoirs and wells 1-6 were sample reservoirs.

Prior analysis, the chip was primed with 10 pL of priming solution (PS,
Figure 8.2), which was an aqueous buffer, through a central priming well that fills the
channels by capillary forces and left for 1 min. This well also acted as the interface to
the instrument’s vacuum source. Afterward, 10 pL of focusing dye was added to the
focusing well (FD, Figure 8.2). A reference fluorescent dye was used for focusing the
optical detection at the beginning of every chip run. Then, 30 pL of cell buffer was
filled into each of the two cell buffer wells (CB, Figure 8.2). Finally, 10 puL of the
fluorescent stained cells could be loaded into the sample wells (well 1-6, Figure 8.2)
up to six cell samples and the total time of analysis was approximately 25 min. Data
showed that the cell populations are clearly segregated into distinct groups of two
color fluorescence, depending on their staining and fluorescence from one channel
does not leak into the other. The measured fluorescence values and event number

were displayed as a histogram or dot plot (22-23, 54).



Fac. of Grad. Studies, Mahidol Univ. Ph.D. (Pharmaceutical Chemistry and Phytochemistry) / 113

3.5 Analysis of single microorganism

Determination of each microorganism using the nutrient broth and SB3-10
as the blocking agents were evaluated. Spacer method for sample injection was
modified from Armstrong and co-workers (Figure 8.3) (49, 55). The microchannels
were filled with BGE containing CTAB before the injection of the cell suspensions in
1 mM Tris/0.33 mM citric acid buffer (pH 7.0) was made. Then, a spacer of BGE
containing CTAB and the blocking agents (nutrient broth or SB3-10) were injected.
The separation voltage was -1,000 V by application of 100 V to buffer reservoir and

1,100 V to buffer waste reservoir.

Red LIF
Buffer containing cationic
surfactant (CTAB)
——t— I

Cathode /9/% S :04 % /—% G?QQ:Q /@ //g /@ Anode

¢

|

S —
Nutrient broth ‘ Microbes
or SB3-10 segment

Cag)de /—@ /fé /@ ¢¢°Y‘+tth Q?Olkx)xéé

& EQ¥FS

Figure 8.3 The spacer method used for the injection of microorganisms.

3.6 Optimization of microorganism separation

The fluorescent stained microorganism mixture consisted of E. coli, S.
aureus and C. albicans, which were selected from Gram negative bacteria, Gram
positive bacteria and fungi, respectively. Additionally, B. subtilis, M. luteus and S.
aureus were selected to produce the mixture of Gram positive bacteria.

Microorganism separation was optimized by varying pH of BGE (8.5 — 11.0) and
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amounts of PEO (0.0125 - 0.05%). The separation voltage was 1,000 V by

application of 1,100 V to buffer reservoir and 100 V to buffer waste reservoir.
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CHAPTER IX
RESULTS AND DISCUSSION

1. Compatibility of the chip

Initially, the compatibility of the microchips with organic solvents (i.e.
ACN, DMF, DMSO and MeOH) was visually observed. The plastic covering chip
was deformed in DMF, while ACN and MeOH were evaporated from the reservoir
within a few minutes due to their low boiling point and high vapor pressure (Table
9.1). However, the appearance of the chip reservoir was slightly white in DMSO after
1 h. A closer inspection with a digital camera showed that the white marks caused by
a change of the roughness on the plastic surface. Further experiments on repeatability
were performed on analysis of NB in BGE containing 26 mM NH;OAc and 870 mM
acetic acid in DMSO with three different chips (1). After 50 h, the migration time (ty,)
of NB remained constant (%RSD = 1.37-1.92%, Figure 9.1) and no extra peak was

observed, therefore, DMSO was compatible with the chips.
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Table 9.1 Physical properties of organic solvents (2)

N ) Vapor Absolute  Solubility
Boiling Melting o _
Solvent pressure viscosity  in water

oint (°C oint (°C
point (C) point (€) (21°C, mmHg) (25°C, cP)

Acetonitrile ..
81.6 -44 71 0.38 Miscible
(ACN)
Dimethyl
formamide 153 -61 3.8 0.82 Miscible
(DMF)
Dimethyl
sulfoxide 189 18.5 0.7 2.0 Miscible
(DMSO)
Methanol o
64 -98 103 0.6 Miscible
(MeOH)
Water 100 0 19 0.89 -
150 1
D 145 A
:5) «ee-#es Chip 1
£ 3
= 140 q* — & =Chip2
S
8 | *Fx=—=c--"""" .-I ______ - . —— Chip 3
2 . o A
S 135 A
130
0 10 20 30 40 50 60
Time [h]

Figure 9.1 Repeatability of NB on microchip CE using three difference chips.
Conditions: 26 mM NH4OAc and 870 mM acetic acid in DMSO; separation length 14
mm; injection/separation voltage 1,400 V; temperature 25°C and red LIF detection
with Aex 634/38 nm and Aem 685/22 Nm.
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2. Optimization of fluorescent dye separations by chip-based NACE

2.1 Effects of types and concentrations of BGE

Compositions of BGE have significant impacts on CE separation. Both
the ionic strength and pH can influence analysis times and separation selectivity due to
either acid/base or ion-association equilibria, as well as through influences on the EOF
Q). Since non-aqueous solvents were employed, a concept of “relative
acidity/basicity” was adopted, in which various alkaline metal salts were added to the
electrolyte containing constant amounts of acetic acid to obtain distinct acidity or
basicity. Separations of MB, TB, NB and BC were investigated in NH4;OAc, mono-
and divalent metal salts (i.e. 26-90 mM NH40Ac, 26-70 mM NaOAc, 26-70 mM LiCl
and 15-40 mM Ca(NO3),) with 870 mM acetic acid in DMSO. Baseline separations of
the dyes were not observed in the initial condition using 26 mM NH4OAc as BGE.
Separation efficiency was improved at higher amounts of NH,OAc and the optimum
condition was achieved at 80 mM NH,OAc (Figure 9.2).

TB and NB overlapped at low concentrations of NaOAc (26-50 mM).
Their resolution was achieved at 60-70 mM NaOAc, however, broad with splitting
peak of NB was observed in 70 mM NaOAc (Figure 9.3). Another monovalent metal
salt, LiCl electrolyte could not provide the baseline separation of TB and NB but
sufficient resolution of MB/TB and NB/BC was obtained at 60 mM LiCl. Lower
mobility with similar separation efficiency was found at higher concentrations of LiCl
(70 mM). At both concentrations (60 and 70 mM LiCl), splitting peaks of BC were
observed (Figure 9.4). Additional peaks of either NB in NaOAc or BC in LiCl might
be a structurally related isomer formed during the synthesis of the dye, which
remained after subsequent purification steps (1). The splitting peaks of dyes were
observed at high pH due to changes in ionization as a result of slight different pK..

For the divalent metal salts, the dyes showed multiple peaks with no
baseline separation in 15 mM Ca(NOs),. Although the baseline separation was
improved at higher concentration of Ca(NO3),, TB and NB still not completely
separated (Figure 9.5).

In comparison of the separation of the basic blue dyes in different BGEs
(Figure 9.6), NH4OAC electrolyte showed the best separation of the dyes in term of the
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%RSD of ty, (1.93-2.39%), baseline separation (Rs = 1.02-1.50), peak shapes (TF =
0.73-1.26) and number of theoretical plates (N = 6461.35 — 9803.33) with highest peak

intensities.

185 1

165 1
f) 90 mM
145 I ~
BC e) 80 mM
8 — B —
51 M\BC d) 70 mM
3 105 c) 60 mM
" , -
85 b) 50 mM
. /I BC
a) 26 mM
45 2 : : . . .
0 20 40 60 &0 100

Time [s]

Figure 9.2 Effects of concentrations of NH;OAc on the separation of the fluorescent
dyes. Conditions: 870 mM acetic acid in DMSO containing NH,OAc at the
concentration of a) 26 mM, b) 50 mM, ¢) 60 mM, d) 70 mM, e) 80 mM and f) 90 mM;
separation length 14 mm; injection/separation voltage 1,400/1,500 V; temperature
25°C and red LIF detection with Aex 634/38 nm and Aenm 685/22 nm. Peak
identification: MB; methylene blue, TB; toluidine blue, NB; nile blue, BC; brilliant

cresyl blue.
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Figure 9.3 Effects of concentrations of NaOAc on the separation of the fluorescent
dyes. Conditions: 870 mM acetic acid in DMSO containing NaOAc at the
concentration of a) 26 mM, b) 40 mM, c¢) 50 mM, d) 60 mM and e) 70 mM,;
separation length 14 mm; injection/separation voltage 1,400/1,500 V; temperature
25°C and red LIF detection with Aex 634/38 nm and Aem 685/22 nm. Peak
identification: MB; methylene blue, TB; toluidine blue, NB; nile blue, BC; brilliant

cresyl blue.
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Figure 9.4 Effects of concentrations of LiCl on the separation of the fluorescent dyes.
Conditions: 870 mM acetic acid in DMSO containing LiCl at the concentration of a)
26 mM, b) 40 mM, c) 50 mM, d) 60 mM and e) 70 mM,; separation length 14 mm;
injection/separation voltage 1,400/1,500 V; temperature 25°C and red LIF detection
with Aex 634/38 Nnm and Aem 685/22 nm. Peak identification: MB; methylene blue, TB;
toluidine blue, NB; nile blue, BC; brilliant cresyl blue.
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Figure 9.5 Effects of concentrations of Ca(NOgz), on the separation of the fluorescent
dyes. Conditions: 870 mM acetic acid in DMSO containing Ca(NOs), at the
concentration of a) 15 mM, b) 26 mM and c) 40 mM; separation length 14 mm;
injection/separation voltage 1,400/1,500 V; temperature 25°C and red LIF detection
with Aex 634/38 nm and Aem 685/22 nm. Peak identification: MB; methylene blue, TB;
toluidine blue, NB; nile blue, BC; brilliant cresyl blue.
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Figure 9.6 Effects of types of BGEs on the separation of the fluorescent dyes.
Conditions: 870 mM acetic acid in DMSO containing a) 80 mM NH;OAc, b) 60 mM
NaOAc, ¢) 60 mM LiCl and d) 26 mM Ca(NOg),; separation length 14 mm;
injection/separation voltage 1,400/1,500 V; temperature 25°C and red LIF detection
with dex 634/38 nm and Aem 685/22 nm. Peak identification: MB; methylene blue, TB;
toluidine blue, NB; nile blue, BC; brilliant cresyl blue.
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Table 9.2 Effects of types of BGEs on analytical parameters of the fluorescent dyes

Analyte
Parameter MB l NB BC
%RSD of tn,
NH4OAC 2.39 1.95 1.93 1.93
NaOAc 1.59 1.41 1.45 1.80
LiCl 1.84 1.54 1.52 1.40
Ca(NOs), 2.08 1.37 1.15 1.10
Rs MB/TB TB/NB NB/BC
NH;OAc 1.15 1.02 1.50
NaOAc 1.67 1.00 1.75
LiCl 1.78 0.00 1.27
Ca(NOs), 0.00 0.00 1.79
TF
NH4OAC 0.93 1.05 1.26 0.73
NaOAc 0.91 1.02 1.28 0.74
LiCl 1.07 0.00 0.00 0.96
Ca(NOs), 0.00 0.00 0.00 0.91
N
NH4OAC 6866.82 9803.33 6461.35 9388.46
NaOAc 5219.31 8339.77 4267.85 5670.21
LiCl 6707.66 0.00 0.00 5749.90
Ca(NOs), 0.00 0.00 0.00 4523.44

*%RSD = percent relative standard deviation, t,, = migration time, R = resolution, TF
= tailing factor, N = number of theoretical plates, MB = methylene blue, TB =

toluidine blue, NB = nile blue and BC = brilliant cresyl blue
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2.2 Effects of BGE solvent

Analyses of fluorescent dyes using 26 mM NH4OAc in 870 mM acetic
acid in various organic solvent (i.e. ACN, DMSO and MeOH,) were examined (1).

When MeOH and ACN were used as the solvents, no peaks were observed
and no current was generated. However, in DMSO, excellent separation of the dyes
were obtained. Four peaks could be achieved within 40 s with Rs= 1.05-1.50 (Figure
9.7a). Closer examination revealed that for MeOH and ACN, the wells became devoid
of liquid after several minutes, which was attributed to the low volumes and high
volatility of these solvents. This problem was not observed with DMSO because of its
much lower volatility (Table 9.1). To circumvent this issue, 40% water was added to
the BGE to decrease the volatility. Further experiments on the uses of MeOH and
ACN as the solvent were performed in BGE containing 40% (v/v) water and 60%
(v/v) solvent (Figure 9.7b and 9.7¢). It can be seen that separations in agueous ACN
was the fastest (t, < 30 s), while those in MeOH and DMSO required more time (ty, <
40 s). However, the separation in DMSO was superior, possibly due to differences in
solvation and acidity/basicity, and prolong migration time (3-4). Sufficient resolution
(Rs = 1.05-1.50) of the dyes could only be achieved using DMSO, whereas separations
in MeOH and ACN gave co-migrating peaks.

2.3 Effects of water contents in BGE

Water might be present as water of hydration or as physically adsorbed
water in organic solvents added BGE. Moreover, organic solvents might absorb water
from the environment (3). Water content in the BGE influenced CE separation of the
dyes. Results showed that addition of water (10-30%v/v) into 80 mM NH4OAc and
870 mM acetic acid in DMSO decreased both the resolution and signal intensity of the
dyes (Figure 9.8). Increasing amounts of water indicated that the dyes were not
completely solubilized and their hydrophobicities caused the hydrophobic interaction
with the chip surface. This leads to surface adsorption effects, which in turn
contribute to significantly broad peaks and decreased reproducibility due to disruption
of the electro-osmotic flow (EOF) (5).
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Figure 9.7 Effects of BGE solvent on the separation of the fluorescent dyes.
Conditions: 80 mM NH4OAc and 870 mM acetic acid in , b) 60% MeOH and c) 60%
ACN; separation length 14 mm; injection/separation voltage 1,400/1,500 V;
temperature 25°C and red LIF detection with Aex 634/38 nm and Ay 685/22 nm. Peak
identification: MB; methylene blue, TB; toluidine blue, NB; nile blue, BC; brilliant

cresyl blue.
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Figure 9.8 Effects of water contents in BGE on the separation of the fluorescent dyes.
Conditions: 80 mM NH4OAc and 870 mM acetic acid in a) 70% DMSO (30% H,0),
b) 80% DMSO (20% H,0), ¢) 90% DMSO (10% H,0) and 100% DMSO; separation
length 14 mm; injection/separation voltage 1,400/1,500 V; temperature 25°C and red
LIF detection with Aex 634/38 nm and Aem 685/22 nm. Peak identification: MB;
methylene blue, TB; toluidine blue, NB; nile blue, BC; brilliant cresyl blue.

3. Method validation of chip-based NACE for separation of

fluorescent dyes

The optimized chip-based NACE condition for the separation of MB, TB,
NB and BC was validated in terms of linearity, precision, recoveries, LOD and LOQ.

3.1 Linearity

Calibration curves of fluorescent dyes were established by triplicate
injections of five different concentrations of the working standard solutions which
were in ranges of 5-28 uM for MB, 10-100 uM for TB, 3.1-50 nM for NB and 5-75
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nM for BC. Regression data calculated from peak area provided coefficient of
determination (r?) in ranges of 0.9744-0.9990 (Table 9.3).

3.2 Precision

Precision of the optimized NACE condition was evaluated from intra-day,
inter-day and injection precision. Table 9.4 shows the precision of the method.
For intra-day precision, %RSDs of t,, and peak area were less than 2.08 and 2.26,
respectively. For inter-day precision, the %RSD of t,, and peak area were less than
2.07 and 2.71, respectively. The %RSD of injection precision of t, and peak area were

less than 2.58 and 2.27, respectively.

3.3 Limit of detection (LOD) and limit of quantitation (LOQ)

LOD and LOQ of analytes were the concentration that can be determined
with acceptable precision and recovery at the signal to noise ratio (S/N) of 3 and 10,
respectively. Figures 9.9-9.12 and Table 9.5 show electropherograms at LODs and
LOQs of MB, TB, NB and BC. The LOQs of the analytes were around three times
greater than LODs. Table 9.5 summarized the LODs and LOQs of the dyes.
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Table 9.5 LODs and LOQs of MB, TB, NB and BC

Analyte LOD (nM) LOQ (nM) (n=3)
MB 90 300 (1.76)
B 1,000 3,200 (2.06)
NB 1.4 4.5 (1.98)
BC 2 6.2 (1.88)

*numbers in parentheses represent %RSDs (percent relative standard deviation), LOD
= limit of detection, LOQ = limit of quantitation

55 1
35

a) LOD
34 -
8 MB 90 nM
§ 33 1
S
S 52
[
31 A
}D 1 1 1 1 1
0 20 40 &0 20 100
Time [s]
MB 300 nM b) LOQ
54
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e _
8 353+
S
S 52
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31 A
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0 20 40 ) 60 g0 100
Time [s]

Figure 9.9 Electropherograms of methylene blue (MB) at limit of detection (LOD) and

limit of quantitation (LOQ) levels. Microchip CE conditions see Figure 9.6a.
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Figure 9.10 Electropherograms of toluidine blue (TB) at limit of detection (LOD) and
limit of quantitation (LOQ) levels. Microchip CE conditions see Figure 9.6a.
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Figure 9.11 Electropherograms of nile blue (NB) at limit of detection (LOD) and limit
of quantitation (LOQ) levels. Microchip CE conditions see Figure 9.6a.
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Figure 9.12 Electropherograms of brilliant cresyl blue (BC) at limit of detection

(LOD) and limit of quantitation (LOQ) levels. Microchip CE conditions see Figure

9.6a.
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4. Optimization of fluorescent staining of micoorganisms using on
chip flow cytometry

NB is a hydrophobic basic fluorescent dye, which exhibits positive charge.
The bacteria and fungi surface possess negative charges that could be attracted to nile
blue. The optimization of NB concentration for bacteria and fungi staining was
investigated in the range of 2.5-15 uM on the on-chip flow cytometry to ensure that
the microorganisms were saturated with NB. The results showed that E. coli, B.
subtilis, M. luteus, S. aureus, C. albicans and L. fungicola were saturated with NB at
the concentration of 7.5, 7.5, 12.5, 12.5, 10 and 7.5 puM, respectively (Figure 9.13).
However, 12.5 uM of NB was utilized for staining of all microorganisms to ensure
complete cell staining and the excess NB was then removed in the washing step. The
measured fluorescence values and cell number for the optimum stain of each

microorganism are displayed as dot plots in Figure 9.14.

4000 -
3000 - --o--F coli
_ — & — B subtilis
(3 — & = AL [uteus
= 2000 -
z - X= S auretis
Z - .
—¥— C albicans
1000 - ----@--- L fimgicola
0 T T T ! ! !
0 25 5 7.5 10 125 15

NB concentration ()

Figure 9.13 Optimization of NB concentrations for cell staining: E. coli, B. subtilis, M.
luteus, S. aureus, C. albicans and L. fungicola stained with NB analyzed on the on-
chip flow cytomety.
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Figure 9.14 Dot plots of red fluorescence of a) E. coli, b) B. subtilis, ¢) M. luteus, d) S.
aureus, e) C. albicans and f) L. fungicola stained with NB at the concentration of 7.5,
75,125,125, 10 and 7.5 pM, respectively and analyzed on the on-chip flow
cytomety.
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5. Analysis of single microorganism

Analyses of single microorganism (i.e. E. coli, B. subtilis, M. luteus, S.
aureus, C. albicans and L. fungicola) on the microchip CE using spacer method (see
section 3.5) were evaluated. The spacer method was previously applied for sample
introduction in conventional CE (6-8) however, injection in microchip format differs
from conventional CE in term of the microchip channel geometry, particularly at the
intersection cross used for defining injection volume. Filling the injection intersection
was achieved by application of different voltage to the sample waste and the sample
reservoirs, and the small plug of sample was produced by application of different
voltage to the buffer waste and the buffer reservoirs.

Presently, the microchip channels were filled with BGE containing CTAB
before the injection of the cell suspensions in 1 mM Tris/0.33 mM citric acid buffer
(pH 7.0) was made followed by a spacer of BGE containing CTAB and the blocking
agents (nutrient broth or SB3-10). When the voltage was applied, the CTAB on the
anodic side of the microbes migrated toward the cathode and coated the microbes as it
moves through the sample zone. Positive charges on the microbes moved them toward
the cathode until they met the blocking agent segment which was migrated with the
EOF. Under these conditions, EOF was reversed and it flowed toward the anode. The
combination of the anodic movement of the blocking agent segment and the cathodic
movement of the microorganisms allowed the microorganism began to aggregate and
eventually formed a large macroparticle. From this point on it became electrically
neutral migrated in the anodic direction (towards the detector) while residing in the
blocking agent (7). This allowed all of the aggregated microorganisms migrating
together at the same velocity resulted in a narrow zone of sample and obtained a single
and sharp peak.

Since the charges on microorganism surfaces caused electrophoretic
heterogeneity. Uses of blocking agents which were the uncharged compounds, were
purposed for elimination or minimization of the surface charges. Nutrient broth and
the zwitterionic sulfobetaine surfactant, caprylyl sulfobetaine (SB3-10), were utilized
for this approach (6). Figure 9.15-9.20 showed that SB3-10 demonstrated the superior
effects on focusing the cells into a sharper peak (TF = 1.11-2.00) than nutrient broth
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(TF = 0.82-4.22). Therefore, SB3-10 was chosen as an alternative blocking agent

instead of the nutrient broth.
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Figure 9.15 Analysis of E. coli using the spacer method. Conditions: 1 mg/mL CTAB
in 1 mM Tris/0.33 mM citric acid, pH 7.0 using a) nutrient broth and b) 5 mg/mL
SB3-10 as blocking agent; separation length 14 mm; injection/separation voltage -
1,000/-1,000 V; temperature 25°C and red LIF detection with Aex 634/38 nm and Aem
685/22 nm.
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Figure 9.16 Analysis of B. subtilis using the spacer method. Conditions: 1 mg/mL
CTAB in 1 mM Tris/0.33 mM citric acid, pH 7.0 using a) nutrient broth and b) 5
mg/mL SB3-10 as blocking agent; separation length 14 mm; injection/separation
voltage -1,000/-1,000 V; temperature 25°C and red LIF detection with Aex 634/38 nm
and Aem 685/22 nm.
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Figure 9.17 Analysis of M. luteus using the spacer method. Conditions: 1 mg/mL
CTAB in 1 mM Tris/0.33 mM citric acid, pH 7.0 using a) nutrient broth and b) 5
mg/mL SB3-10 as blocking agent; separation length 14 mm; injection/separation
voltage -1,000/-1,000 V; temperature 25°C and red LIF detection with Aex 634/38 nm
and Aem 685/22 nm.
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Figure 9.18 Analysis of S. aureus using the spacer method. Conditions: 1 mg/mL
CTAB in 1 mM Tris/0.33 mM citric acid, pH 7.0 using a) nutrient broth and b) 5
mg/mL SB3-10 as blocking agent; separation length 14 mm; injection/separation
voltage -1,000/-1,000 V; temperature 25°C and red LIF detection with Aex 634/38 nm
and Aem 685/22 nm.
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Figure 9.19 Analysis of C. albicans using the spacer method. Conditions: 1 mg/mL
CTAB in 1 mM Tris/0.33 mM citric acid, pH 7.0 using a) nutrient broth and b) 5
mg/mL SB3-10 as blocking agent; separation length 14 mm; injection/separation
voltage -1,000/-1,000 V; temperature 25°C and red LIF detection with Aex 634/38 nm
and Aem 685/22 nm.
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Figure 9.20 Analysis of L. fungicola using the spacer method. Conditions: 1 mg/mL
CTAB in 1 mM Tris/0.33 mM citric acid, pH 7.0 using a) nutrient broth and b) 5
mg/mL SB3-10 as blocking agent; separation length 14 mm; injection/separation
voltage -1,000/-1,000 V; temperature 25°C and red LIF detection with Aex 634/38 nm
and Aem 685/22 nm.

Fluorescence labeling is generally specific to the target analyte, thus
interferences from sample matrices could be decreased resulting in low background
noises. Additionally, SB3-10 greatly reduced the background fluorescence of the
blocker plug. This background reduction allows a single cell to be detected, which is
an essential for detecting of a microbial contamination or sterility test. In this work,
injection volume was fixed at 24 pL based on chip dimension (40 x 40 x 15 um).
Thus, samples were prepared to finally obtain a single cell of bacteria or fungi while
applying to the injection intersection and its signal to noise ratio was observed. Figure
9.21 shows electropherograms of single cell detection for both Gram negative and

positive bacteria and fungi. The fluorescence intensity from the single cell analysis
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displayed signal to noise ratios (S/N) of 25.6- 34.0 with %RSD of 1.91-2.45 (Figure
9.21).

L. fungicola
140 Jl S/N = 30.3 (2.45)
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Figure 9.21 Electropherograms of single cells of bacteria and fungi. Conditions: 1
mg/mL CTAB in 1 mM Tris/0.33 mM citric acid, pH 7.0 using 5 mg/mL SB3-10 as
blocking agent; separation length 14 mm:; injection/separation voltage -1,000/-1,000
V; temperature 25°C and red LIF detection with Aex 634/38 nm and Aem 685/22 nm.

S/N = signal-to-noise ratio and numbers in parentheses represent %RSDs (percent

relative standard deviation).
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6. Optimization of microorganism separation

From the analysis of single microorganism (previous section), each
microbe showed a sharp peak in 1 mM Tris/0.33 mM citric acid buffer (pH 7.0)
containing 1 mg/mL of CTAB. The microbe migrated with similar mobility resulting
in the same migration time of about 20 s (Figure 9.21). Thus, this condition might not
be suitable for separation of a microbe mixture. Addition of PEO into TBE buffer was
considered to solve this problem. Utilization of dilute PEO as a non-bonded coating
capillary was selected to prevent adsorption of cells to the capillary wall and to alter
the EOF (9). The selected mixture containing E. coli, S. aureus and C. albicans was
respresentatives of Gram negative bacteria, Gram positive bacteris and fungi,
respectively.

At pH 8.5-9.5, baseline separation of the microbes could not be achieved
(Figure 9.22). Increasing pH until pH 10.0-11.0, these microbes could be baseline
separated with Rs > 0.7, however, at pH 11.0 their peak intensities decreased due to
cell lyses. Figure 9.23 presents effects of pH on analytical parameters for the
separation of the microbe mixture. The optimal pH was at 10.5, which provided
%RSD of t, < 1.60, R¢ > 1.3, TF = 0.83 - 1.38 and N > 8,600. Furthermore, amounts
of PEO in TBE buffer was optimized to improve the separation (Figure 9.24 and 9.25).
Adding the PEO slowed the EOF resulting in well separated peaks of the microbes.
TBE buffer (pH10.5) containing 0.0125 and 0.025% PEO provided better peak shapes
of the microbes than the buffer with 0.05% PEO. Tailing peaks might occurs at high
amount of PEO (0.05%) due to the weaker EOF, which was insufficient to focus
samples into a narrow zone. The optimal PEO content in the buffer was 0.025%
providing %RSD of t;, < 1.80, TF = 0.83 - 1.43, Rs > 5.3 and N > 20,000 (Figure
9.25). Finally, the optimal condition was applied for the separation of mixture of
Gram positive bacteria (i.e. B. subtilis, M. luteus and S. Aureus) and the baseline
separation was achieved (Figure 9.26).
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Figure 9.22 Effect of pHs of BGEs on the separation of E. coli, S. aureus and C.
albicans. Conditions: 0.0125 % PEOQ in 3.94 mM Tris, 0.56 mM boric acid and 0.013
mM Na,EDTA pH a) 8.5, b) 9.0, ¢) 9.5, d) 10.0, e) 10.5 and f) 11.0; separation length
14 mm; injection/separation voltage 1,000/1,000 V; temperature 25°C and red LIF
detection with Aeyx 634/38 nm and Aey 685/22 nm.
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Figure 9.22 (continued) Effect of pHs of BGEs on the separation of E. coli, S. aureus
and C. albicans. Conditions: 0.0125 % PEO in 3.94 mM Tris, 0.56 mM boric acid and
0.013 mM Na,EDTA pH a) 8.5, b) 9.0, ¢) 9.5, d) 10.0, e) 10.5 and f) 11.0; separation
length 14 mm; injection/separation voltage 1,000/1,000 V; temperature 25°C and red
LIF detection with Aex 634/38 nm and Aem 685/22 nm.
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Figure 9.23 Effects of pHs of BGEs on analytical parameters of the investigated
microorganisms, a) % relative standard deviation (%RSD) of migration time (tn), b)

resolution (Rs), ¢) tailing factor (TF) and d) number of theoretical plates (N).
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Figure 9.24 Effect of amount of PEO on the separation of E. coli, S. aureus and C.
albicans. Conditions: 3.94 mM Tris, 0.56 mM boric acid and 0.013 mM Na,EDTA
pH 10.5 containing a) 0.0125%, b) 0.025% and c) 0.05% PEOQO; separation length 14
mm; injection/separation voltage 1,000/1,000 V; temperature 25°C and red LIF
detection with Aeyx 634/38 nm and Aey 685/22 nm.
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Figure 9.26 Electropherogram of the separation of B. subtilis, M. luteus and S. aureus.
Conditions: 0.025% PEO in 3.94 mM Tris, 0.56 mM boric acid and 0.013 mM
Na;EDTA pH 10.5; separation length 14 mm; injection/separation voltage 1,000/1,000
V; temperature 25°C and red LIF detection with Aex 634/38 nm and Aer, 685/22 nm.
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CHAPTER X
CONCLUSION

A simple and rapid chip-based non-aqueous CE separation of several
structurally related basic dyes (i.e. MB, TB, NB and BC) was established using
commercial chip-based CE instrument with a red LIF detection. Initially, the
compatibility of the chips with organic solvent (i.e. ACN, DMF, DMSO and MeOH)
was visually observed. DMSO, ACN and MeOH were compatible with the chips but
ACN and MeOH were highly volatile. While the plastic covering chip was deformed
in DMF. Presently, DMSO was selected as the solvent of choice. Optimization of the
dye separation was performed by varying types and concentrations of BGE (i.e. 26-90
mM NH4OAc, 26-70 mM NaOAc, 26-70 mM LiCl and 15-40 mM Ca(NOs3), with 870
mM acetic acid in DMSO), BGE solvents (i.e. MeOH, ACN and DMSO), and water
contents in BGE (10-30%). The NACE separation of fluorescent dyes was achieved in
80 mM NH;OAc, 870 mM acetic acid in DMSO using DNA chip with separation
length 14 mm, injection/separation voltage 1,400/1,500 V, temperature of 25°C and
red LIF detection with Aex 634/38 nm and Aem 685/22 nm. The optimum condition
provided a baseline separation of all dyes in less than 40 s with the Ry > 1.0, N >
6,400, TF = 0.73-1.26 and %RSD of t,, < 2.39. The NACE condition was validated in
term of linearity, precision, LOD and LOQ. Calibration curves were established over
5-28 uM, 10-100 uM, 3.1-50 nM and 5-75 nM for MB, TB, NB and BC, respectively.
The good linearity (r* = 0.9744-0.9990) was obtained for all analytes. Method
precision was performed by intra-, inter-day and injection precision. The %RSD of t,
and peak area were less than 2.58 and 2.71, respectively. The LODs were 90, 1,000,
1.4 and 2 nM and the LOQs were 300, 3,200, 4.5 and 6.2 nM (%RSD 1.76-2.06) for
MB, TB, NB and BC, respectively. The results showed that red LIF facilitated
sensitive detection of these dyes, especially NB, which was the most sensitive dye.
Therefore, NB could be a potential fluorescent stain for microorganisms (i.e. E. coli,

B. subtilis, M. luteus, S. aureus, C. albicans and L. fungicola).
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The optimization of NB concentration for cell staining was investigated in
the range of 2.5-15 uM on the on-chip flow cytometry to ensure fully stained. The
results showed that E. coli, B. subtilis, M. luteus, S. aureus, C. albicans and L.
fungicola were saturated with NB at the concentration of 7.5, 7.5, 12.5, 12.5, 10 and
7.5 UM, respectively. However, 12.5 uM of NB was utilized for staining of all
microorganisms to facilitate complete cell staining. Then, analyses of the fluorescent
stained cell were performed on the chip-based electrophoresis. The optimal condition
for the analysis of single microorganism was carried out in 1 mg/mL CTAB in 1 mM
Tris/0.33 mM citric acid, pH 7.0 using 5 mg/mL SB3-10 as blocking agent, separation
length 14 mm, injection/separation voltage -1,000/-1,000 V, temperature of 25°C and
red LIF detection. Single cell analysis of E. coli, B. subtilis, M. luteus, S. aureus, C.
albicans and L. fungicola was achieved at ~20 s providing S/N of 34.0, 29.2, 26.2,
29.5, 25.6 and 30.3, respectively, with %RSD within 2.45%. However, separations of
the mixture containing E. coli, S. aureus and C. albicans, respresentatives of Gram
negative bacteria, Gram positive bacteris and fungi, respectively, could not be
approached in this condition. Thus, the addition of PEO in TBE buffer was considered
for the separation of microorganism mixture. Optimization was performed by varying
pH of TBE buffer (pH 8.5-11.0) and amount of PEO (0.0125-0.05%). The optimized
condition was achieved in 3.94 mM Tris, 0.56 mM boric acid and 0.013 mM
Na;EDTA pH 10.5 containing 0.025% PEO, separation length 14 mm,
injection/separation voltage 1,000/1,000 V, temperature of 25°C and red LIF
detection, providing %RSD of t,, < 1.80, TF = 0.83 - 1.43, R; > 5.3 and N > 20,000.
Addtionally, the optimal condition was successfully applied for the separation of Gram
positive bacteria (i.e. B. subtilis, M. luteus and S. aureus).

Finally, the developed method on the commercially available microchip
CE showed promising results, which enables the orientation of this instrument for the

other applications using general CE method.
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APPENDIX A

Table A.1 Analytical data from effects of types of BGEs (see Figure 4.2)

Analyte
NIC TRI NM COoT NA
Paramete

%RSD of t,
Citric acid 2.38 - 1.62 2.77 2.31
Phosphate 1.43 - 2.25 1.67 1.87
%RSD of t,

Citric acid 0.80 - 0.46 1.22 0.88
Phosphate 0.92 - 1.08 0.77 0.60
Rs NIC/TRI TRI/NM  NM/COT COT/NA
Citric acid 20.30 4.48 8.74 35.29
Phosphate 29.55 5.87 12.20 47.68

TF
Citric acid 1.50 1.70 1.72 1.58 1.94
Phosphate 1.35 1.63 1.52 1.79 0.79

N (x 10%)
Citric acid 116.08 58.77 47.86 73.90 39.77

Phosphate 264.93 152.88 133.67 89.51 69.21
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Table A.2 Analytical data from effects of pHs of BGEs (see Figure 4.4)

Analyte
NIC TRI NM COT NA
Paramete

%RSD of t,
pH 2.1 2.06 - 1.96 2.11 1.85
pH 2.5 1.43 - 2.25 1.67 1.87
pH 2.9 1.90 - 2.86 2.28 1.60
%RSD of t;
pH 2.1 0.37 - 0.12 0.28 0.23
pH 2.5 0.92 - 1.08 0.77 0.60
pH 2.9 0.62 - 1.32 0.74 0.76
Rs NIC/TRI  TRI/NM  NM/COT COT/NA
pH 2.1 21.32 3.38 9.84 19.19
pH 2.5 29.55 5.87 12.20 47.68
pH 2.9 13.29 9.11 1.63 42.69
TF
pH 2.1 1.35 1.50 1.62 1.64 1.31
pH 2.5 1.33 1.56 1.47 1.58 1.94
pH 2.9 1.53 1.86 1.41 1.63 0.72
N (x 10%)
pH 2.1 104.566 73.526 48.515 42118  100.278
pH 2.5 264.928 152876  133.667 89.512 69.207
pH 2.9 75.428 41.403 38.274 24.811 20.848
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Table A.3 Analytical data from effects of concentrations of BGEs (see Figure 4.6)

Analyte
m\ NIC TRI NM CoT NA
%RSD of ty,
15 mM 1.83 - 2.27 2.32 1.94
20 mM 2.15 - 2.23 1.89 1.97
25 mM 2.06 - 1.96 2.11 1.85
30 mM 2.29 - 2.13 2.59 2.51
%RSD of t;
15 mM 0.33 - 0.76 1.72 0.55
20 mM 0.92 - 2.15 1.41 1.54
25 mM 0.37 - 0.12 0.28 0.23
30 mM 1.16 - 0.99 1.37 3.46
Rs NIC/TRI  TRI/NM  NM/COT COT/NA
15 mM 17.18 2.37 8.07 20.05
20 mM 20.13 3.35 8.99 18.99
25 mM 20.10 3.60 8.91 20.98
30 mM 23.10 3.38 11.54 27.92
TF
15 mM 1.54 1.75 1.89 1.88 1.37
20 mM 1.50 1.72 1.88 1.88 1.32
25 mM 1.32 1.50 1.64 1.60 1.30
30 mM 1.32 1.70 1.73 1.72 1.32
N (x 10%)
15 mM 102.64 41.95 30.54 28.31 55.07
20 mM 104.57 55.08 38.74 36.51 65.99
25 mM 108.61 73.53 48.52 42.12 89.22
30 mM 110.61 67.38 54.13 34.62 47.28
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Table A.4 Analytical data from effects of applied voltage (see Figure 4.8)

Analyte
NIC TRI NM COT NA
Paramete

%RSD of t,
20 kv 1.16 - 1.26 1.87 151
23 kV 1.09 - 2.26 2.98 2.77
25 kV 1.58 - 1.68 1.97 2.00
27 kV 2.35 - 2.23 2.12 2.51
30 kV 2.06 - 1.96 2.11 1.85
%RSD of t,
20 kv 0.58 - 0.11 1.12 1.50
23 kV 0.98 - 0.29 1.21 0.94
25 kV 1.30 - 0.68 1.17 1.29
27 kV 0.11 - 0.07 0.18 0.41
30 kV 0.37 - 0.12 0.28 0.23
Rs NIC/TRI TRI/NM  NM/COT COT/NA
20 kV 24.13 2.99 11.80 20.30
23 kV 22.10 3.05 10.79 19.58
25 kV 20.92 3.54 8.72 20.41
27 kV 20.49 3.59 8.53 20.02
30 kV 20.11 3.60 8.92 21.03
TF
20 kV 1.38 1.33 1.32 1.33 1.18
23 kV 1.36 1.54 1.50 1.54 1.28
25 kV 1.47 1.73 1.76 1.74 1.38
27 KV 1.52 1.72 1.71 1.70 1.48
30 kV 1.41 1.50 1.70 1.69 1.41
N (x 10%)
20 kV 92.21 53.06 41.48 32.58 32.16
23 kV 95.04 58.96 43.19 35.84 59.91
25 kV 96.23 59.36 45.07 38.51 66.28
27 kV 08.82 62.08 46.03 40.07 78.03
30 kV 108.61 67.38 48.52 42.12 89.22

Table A.5 Analytical data from effects of injection time (see Figure 4.10)
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Analyte
NIC TRI NM COT NA
Paramete

%RSD of t,
58S 1.76 - 0.93 1.17 2.29
10s 2.06 - 1.96 211 1.85
15s 1.15 - 1.69 0.93 2.45
20s 0.36 - 1.40 0.84 181
%RSD of t,
58S 1.45 - 0.48 0.74 1.76
10s 0.37 - 0.12 0.28 0.23
15s 0.94 - 1.37 0.44 1.96
20s 0.20 - 0.84 0.30 1.49
Rs NIC/TRI TRI/NM  NM/COT COT/NA
5s 2291 7.37 9.75 23.78
10s 21.32 3.38 9.84 19.19
15s 14.77 3.21 5.96 17.91
20s 12.75 3.10 5.37 14.55
TF
5s 1.25 1.43 1.63 1.70 0.94
10s 1.32 1.50 1.64 1.60 1.30
15s 1.43 181 1.82 1.85 0.65
20s 1.67 1.82 1.90 191 0.54
N (x 10%)
55S 170.20 93.86 69.35 66.44 40.54
10s 104.57 73.53 48.52 42.12 100.28
15s 72.50 37.37 26.37 2551 32.37
20s 61.87 28.17 19.65 18.85 24.21

Day 1



Fac. of Grad. Studies, Mahidol Univ. Ph.D. (Pharmaceutical Chemistry and Phytochemistry) / 165

1200 ~ 12

y=1.0607x+5.1169 ] y=0.0108x+0.0435
1000 1 79=0.9998 10 - #2=1.0000
800 ~ © 8 -
£ 600 - £
6 = 6 -
400 - 24
200 5 |
0 T T T T 1 0 . . . . .
0 200 400 600 800 1000 0 200 400 600 800 1000
Concentration (jg/mL) Concentration (jig/mL)
1200 ~ 12 -
y=1.0599x+4.4194 y=0.0107x+0.0353
1000 7°=0.9997 10 4 r°=0.9997
800 + 2 8 A
g . g
z 600 g 6
400 - Z 4
200 + 2+
0 T T T T 1 0 T T T T 1
0 200 400 600 800 1000 0 200 400 600 800 1000
Concentration (ng/mL) Concentration (jg/mL)
1200 - 12 4 - -
y=1.0652x+4.4496 y=0.0107x+0.0397
1000 - 7°=0.9998 10 7°=0.9999
. 2 8 4
5 800 g
2600 - 567
400 - Z 4
200 2
0 . . . . . 0 T T T T 1
0 200 400 600 800 1000 0 200 400 600 800 1000
Concentration (jg/mL) Concentration (jig/mL)

Figure A.1 Calibration curves of nicotine on three different days.
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Figure A.2 Calibration curves of nicotinamide on three different days.
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Figure A.3 Calibration curves of cotinine on three different days.

Day 1



Nantana Nuchtavorn Appendices / 168

800 - i ) 10 ~ )
y=3.9161x-15.9818 y=10.0394x-0.1613
600 4 =10.9984 o 8 A =10.9990
b S 6 A
2400 - 8
< Z 4
200 A 4 |
0 T T T 1 0 T T T 1
0 50 100 150 200 0 50 100 150 200
Concentration (jig/mL) Concentration (jig/mL)
800 ~ ) 10 -
y=3.9128x-15.8914 y=0.0396x-0.1653
600 #=10.9982 . 8 1 =0.9978
= 400 - 5 o4
=
200 A 5
0 T T T ! 0 T T T 1
0 50 100 150 200 0 501000150200
Concentration (jig/mL) Concentration {(ng/mL)
800 - ) 10 -
y=3.948x-15.32 y=0.0404x-0.1656
600 #=10.997 8 1 #=10.9981
= 6
< = q
£ 400 A =
=1y "j:' 4 |
200 - o
0 T T T 1 0 T T T 1
0 50 100 150 200 0 50 100 150 200
Concentration (jg/mL) Concentration (jg/mL)

Figure A.4 Calibration curves of nicotinic acid on three different days.
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Figure B.1 Calibration curves of methylene blue on three different days.
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Figure B.3 Calibration curves of nile blue on three different days.
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Figure B.4 Calibration curves of brilliant cresyl blue on three different days.
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