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Abstract

In this work, two 3D-printed devices for quality control of GABA-
supplemented products and clinical diagnosis of kidney disease were presented.
The first device is a dialysis unit which was designed for direct analysis of solid and
liquid samples. The homemade unit was constructed using a 3D printer due to its
simple and fast fabrication ability. The dialysis unit is composed of cylindrical-shaped
donor and acceptor chambers. A stainless steel sieve is installed inside the donor
chamber. SEM images clearly showed that the sieve prevented membrane blockage
by suspension particles in the sample. Multiple dialysis units were connected to a
sequential injection (SI) system for serial determination of gamma-aminobutyric acid
(GABA) in solid and liquid samples. The dialysate from each dialysis unit was
consecutively aspirated into the Sl flow line for on-line derivatization of GABA with
2- hydroxy- 1- naphthaldehyde (3. 0% w/v). The derivative was detected
spectrophotometrically at 425 nm. The linear calibration range extended to 1000
mg L™ GABA (1% > 0.99) with high precision (1.2 %RSD). The developed system was
applied to analysis of dietary supplements, grains of germinated brown rice and milk.
The samples were directly introduced into the donor chamber either as powder or
liquids. The measured GABA content using the developed method was compared

using high performance liquid chromatography, with good agreement using Pearson’s



correlation (r? = 0.9999). The method has high accuracy based on recovery studies
(99.8 + 1.5%) and high sample throughput (64 samples h™).

The second devise is 3D printed detection flow cell which was applied to a
flow-based system for the determination of albumin based on chemiluminescence
(CL) detection. Gold nanoparticles (AuNPs)-catalyzed luminol CL were employed as
the detection reaction. In the presence of albumin, aggregation of the AuNPs was
induced and this inhibited the CL light caused by the luminol-H,0, system. The AuNPs
were synthesized using the Turkevich’s method. Surface plasmon peak of the as-
prepared colloidal gold was located at 520 nm. TEM image showed that
monodispersed nanoparticles were observed (average size: 18.4 + 0.04 nm). The AuNPs

were off-line mixed with the standard/sample for 10 min. Aliquots of 500 UL of the

mixed solution and 400 ML of 0.01 mol L™ luminol in 0.1 mol L™ NaOH were injected
into the FI manifold. A detection flow cell was designed as spiral configuration and
was attached in front of the photomultiplier tube. This flow cell was fabricated quickly
and easily using three-dimensional printing technology. Increasing in the concentration
of albumin resulted in decreasing in the CL intensity. Calibration plot was observed
from the concentration range of 0.1 to 70 me albumin L™ with good linearity (r* > 0.99).
The detection limit was 0.05 mg L'* (35D/slope) with a relative standard deviation of
0.57 %. High sample throughput (66 samples h') was also achieved.

Keywords: 3D printed device, dialysis, direct analysis, flow cell, chemiluminescence,

GABA, gold nanoparticle, albumin, urine.
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Chapter 1

Introduction

1.1 Research Motivation

Nowadays, 3D printing is a well-known technique that offers many advantages
such as the ability to fabricate complicated structures that are difficult to construct by
traditional machining. It is low cost, fast, and reduces wastage of material to a
minimum. 3D printing is now a preferred method for designing and making prototypes
of new devices in various fields. 3D printed devices for analytical applications are now
receiving increasing attention. The combination of simple-to-fabricate 3D printed
devices with flow-based techniques opens up a new approach for integration of
automated analytical methods.

In this work, we aimed to develop methods for quantitative analysis of gamma-
aminobutyric acid (GABA) in food supplement products and for urinary albumin that
relied on “in-house” 3D printed devices and a flow-based system. Our developed
methods were used in the following two research topics: 1) a direct analysis of gamma-
aminobutyric acid in food supplement products and beverages employing a 3D printed
dialysis unit and sequential injection for automated derivatization and determination
and 2) an automated analysis of albumin in urine with a flow injection system and a

3D printed flow cell.

1.1.1 Determination of gamma-aminobutyric acid in foodstuff and
beverages exploiting a 3D printed dialysis unit and sequential injection.

More efficient and rapid direct analysis of samples has always been a challenge
for analytical chemists. Usually, a pre-treatment/preparation step is required to
achieve a desired selectivity. Dialysis with a membrane is one of sample clean-up
methods for separating low-molecular weight analytes from interfering
macromolecules, colloids, and suspended particles in a sample matrix. Various designs
of dialysis units have been applied to flow injection system. Most dialysis units have a
sandwich design with rectangular geometry. They hold a flat sheet of hydrophilic
membrane between their upper and the lower plates. The use of this sandwich-type

dialysis unit as part of an automated flow system has been shown to be very effective



for removal of particulate matter in liquid samples such as serum [1], milk [2],
pharmaceutical products [3], and fruit juices [4]. Some studies employed concentric-
type dialysis unit or microdialyzer for analysis of solids [5]. However, those devices
were not suitable for direct analysis. Prior sample preparation was necessary before
the devices could be applied [6]. Therefore, in this work, we designed a new dialysis
unit suitable for direct analysis of both liquid and solid samples. The unit comprised
cylindrical donor and acceptor chambers. In contrast to other dialysis units, this unit
incorporated a stainless-steel sieve inside the donor chamber. Because of this sieve,
membrane clogging from macromolecules in a sample matrix was prevented. The
dialysis unit was constructed by 3D printing based on stereolithography. The advantage
of 3D printing is its capability to construct components that cannot be easily
manufactured using conventional means. It is a one-step production process suitable
for producing prototypes at low running cost.

Gamma-aminobutyric acid (GABA) has been considered a health promoting
substance that can reduce anxiety, promote relaxation, reduce insomnia and reduce
blood pressure. Nowadays, since there are a large number of commercial dietary GABA
supplemented products on the market, it is necessary that GABA concentrations in
these products are as labeled as detected in the quality control process. Automated
determination of GABA is, therefore, necessary. Various analytical methods have been
employed for quantitative analysis of GABA, including high performance liquid
chromatography (HPLC) [7], flow injection (FI) [8], and sequential injection (SI) [9].
Chromatographic techniques provide high selectivity, but flow-based methods offer
rapid determination. Nevertheless, all these methods are not applicable for automated
direct analysis of samples. Complex sample preparation protocols requiring extensive
time and labor are the norm.

In this work, multiple dialysis units were connected to a sequential injection (SI)
system for conservative determination of gamma-aminobutyric acid (GABA) of solid and
liquid samples. The dialysate from each dialysis unit was consecutively aspirated into
the S| flow line for on-line derivatization of GABA with 2-hydroxy-1-naphthaldehyde.
The developed system was applied to analysis of dietary supplements, grains of
germinated brown rice, tea, and milk. The samples were directly introduced into the

donor chamber either as powder or liquid.



1.1.2 Flow-based systems with 3D printed flow cells for quantitative
measurement of Albumin in urine based on using the AuNPs-catalyzed
chemiluminescence detection.

Kidney disease is a global health problem. Urinary albumin excretion is one of
the important key parameters for diagnosis of kidney dysfunction. Urinary albumin
concentration of lower than 30 mg L™ is regarded as normal. The concentration in the
range of 30 - 300 mg L™ is denoted as ‘microalbuminuria’ which is relevance to the
preliminary stage of kidney failure. A concentration of greater than 300 mg L™ is
considered ‘albuminuria’ or ‘proteinuria’ that represents a severe stage. Therefore,
accurate measurement of urinary albumin gives more accurate clinical diagnosis of
kidney disease—an accurate measurement method is utmost essential. Turbidimetric
immunoassay is commonly used to measure urinary albumin in hospital laboratory.
The advantages of this method are high selectivity, precision, and high accuracy.
However, it is complicated and consumes long analysis time.

Currently, gold nanoparticles (AuNPs) are probably the most outstanding kind of
metal nanoparticles because of their chemical inertness, easy modification, simple
control of particle size, and high extinction coefficient. Some works have reported that
AuNPs can easily form conjugate with BSA through electrostatic interaction [10]. AUNPs
can be also exploited as a catalyst for a chemiluminescence (CL) reaction between
luminol-H,O, [11]. In this work, the reported properties of AuNPs were applied as a
detection principle for monitoring the concentration of albumin in urine by using a
flow injection technique for automated albumin monitoring. This system can produce
accurate findings of a large number of samples rapidly, making it practical for clinical
diagnosis. Simple and fast three-dimensional (3D) printing technology was employed
in construction of spiral flow-through cells. 3D printed flow cells truly made it practical
for chemists to assemble an analytical system without the need to rely on parts that

a manufacturer may not readily provide.

1.2 Objectives of the study
1) To develop a direct analysis method using a newly designed 3D printed dialysis
unit for determination of GABA in both liquid and solid samples of food

supplement products.



2) To develop an automated flow-based injection system employing 3D printed

flow cell for on-line quantitative measurement of albumin in urine.

1.3 Scopes of the developments

1) Development of a fully automated direct analysis method with a newly
designed and constructed 3D printed dialysis unit for determination of gamma-
aminobutyric acid in food supplement products and beverages.

Firstly, GABA detection reaction is investigated by spectrophotometry. The
chemical and physical parameters affecting the sensitivity of determination is studied
in order to determine the optimal conditions for the determination. Analytical
performances of 3D printed dialysis units connected to the SI system are evaluated.
The method is validated against a conventional high-performance liquid
chromatography method.

2) Development of an automated flow-based system employing 3D printed flow
cell for on-line quantitative measurement of albumin in urine

3D flow cells are fabricated with a KINGS 600 3D printer (China) with Nd: YVO, solid
state laser (355 nm) as the light source and a fixed scanning speed of 10.0 ms™.
Detection of albumin by CL level is based on aggregation of AuNPs due to the presence
of albumin. CL is generated by a luminol-H,0, system. Optimal conditions for detection

is also investigated. The analytical performance of the system is evaluated.

1.4 Benefits of the study

1) Achievement of a simple and accurate direct analysis method of GABA in both
liquid and solid samples using a newly designed 3D printed dialysis unit for the
determination of GABA in food supplement products and beverages.

2) An automated flow-based system with 3D printed flow cells for on-line

quantitative measurement of albumin in urine was successfully developed.



Chapter 2

Theory and Literature Reviews

2.1 General information of GABA and albumin

2.1.1 Gamma aminobutyric acid (GABA) [12]

The GABA (Gamma-aminobutyric acid) molecule is the nucleotide known
in biochemistry as the "molecular currency" of intracellular energy transfer; that is, ATP
is able to store and transport chemical energy within cells. ATP also plays an important
role in the synthesis of nucleic acids. GABA with Chemical Formula C4,HsNO,, and Molar
mass 103.12 g mol! is synthesized from glutamate using the reaction of

decarboxylation which shown in Figure 2.1.
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Figure 2.1. Decarboxylation of L-glutamate to GABA by glutamate decarboxylase (GAD).
PLP: pyridoxal-5’-phosphate.

GABA is the inhibitory neurotransmitter in the mammalian central nervous
system. It plays a role in regulating neuronal excitability throughout the nervous system
that makes human brain relaxing and anti-anxiety [13]. GABA is also directly responsible
for anterior pituitary encouraged which increases the amount of human growth
hormone and the regulation of muscle tone. In medicine, GABA is used for some
neurological disorder treatment such as sleep disorder [13] and anxiety. There is also
more scientifically and medicinally relevant evidence that GABA has a blood-pressure-
lowering effect, low density lipoprotein-lowering effect and preventive effect on
Alzheimer’s disease [13]. As a result of these properties, GABA has also become a

popular supplement in recent years.



2.1.2 Albumin [15]

Albumin is one of the most important proteins, which is made in the liver.
It consists of a single polypeptide chain of 585 amino acids with a molecular weight of
66500 Da [14]. Serum albumin is a heart-shaped globular protein with three
homologous domains: domain | (residue 1-195), Il (residue 196-383) and Il (residue
384-585). Each domain possesses two subdomains A and B formed by six and four O
helices, respectively. The hydrophobic pocket of subdomain 1A and A, popularly
known as Sudlow's site | and I, respectively accommodate the aromatic and

heterocyclic compounds (Figure 2.2.)
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Figure 2.2. The structure of serum albumin representing domains, subdomains, and

Sudlow's binding sites I and Il [15].

Serum albumin provides the colloid osmotic pressure that regulates
passage of water and diffusible solutes through the capillaries. Albumin serves in the
transport of fatty acids, hormones, steroids, metals, vitamins, and drugs. Albumin has
a negative charge at normal blood pH (7.35 - 7.45), attracts and retains cations,
especially Na" in the vascular compartment. Because of its negative charge, albumin
is also able to furnish some of the anions needed to balance the cations of the plasma
[16]. Usually, albumin is not found in urine except in cases of renal dysfunction such

as diabetic nephropathy. Diabetic nephropathy refers to kidney disease that is specific



to diabetes. Although kidney biopsy is required to diagnose diabetic glomerulopathy
definitively, in most cases, careful screening of diabetic patients can identify people
with diabetic nephropathy without the need for kidney biopsy. Diabetic nephropathy
is based in part on the finding of elevated urinary albumin excretion, which is divided
into: (1) microalbuminuria (the urinary albumin excretion between 30 and 300 mg L),
a modest elevation of albumin thought to be associated with stable kidney function,
and (2) macroalbuminuria (values above 300 mg L™ of albuminuria), a higher elevation
of albumin associated with progressive decline in glomerular filtration rate (GFR), an

increase in systemic blood pressure, and a high risk of kidney failure [17].

2.2 3D printing technique to fabricate the devices using as part of

developed techniques for determination of GABA and albumin [18]

3D printing is technique, also known as additive manufacturing (AM), is a
manufacturing process where a 3D printer creates three-dimensional objects by
depositing materials layer by layer in accordance to the object’s 3D digital model. The
AM process begins with a 3D model of the object, usually created by computer aided
design (CAD) software or a scan of an existing artifact. Specialized software slices this
model into cross-sectional layers, creating a computer file that is sent to the AM
machine. The AM machine then creates the object by forming each layer via the

selective placement (or forming) of material.

2.2.1 Stereolithography (SLA)

A method and apparatus for making solid objects by successively
“printing” thin layers of a curable material, e.g., a UV curable material, one on top of
the other. There are two important configurations: free surface approach (bath
configuration) and constrained surface approach (bat configuration). In both
configurations objects are built in a layer-by-layer manner by spatially controlled
photopolymerization of a liquid resin which is performed with either a scanning laser
or a digital light projector (DLP). The bath configuration is the classical setup for SLA in
which a UV beam traces a 2D cross section onto a substrate submerged in a tank of
photoactive resin that polymerizes upon illumination as shown in Figure 2.3. After

completion of the 2D cross section, the substrate is lowered further into the resin by



a predefined distance, and the UV beam begins the addition of the next layer, which
is polymerized on top of the previous layer. In between layers, a blade loaded with
resin levels the surface of the resin to ensure a uniform layer of liquid prior to another
round of UV light exposure. In this configuration the height of the printed object is
restricted to the tank size. Chemical reactions with ambient air, resin waste and

extensive cleaning procedures are serious concern of bottom-up approach.
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Figure 2.3. SLA printing configurations [19].

2.3 Flow injection system

2.3.1 Flow injection analysis [20]

Flow injection analysis (FIA) is based in sample injection into a flowing
carrier stream to which reagents are added at confluence points. In this way, the
concentration gradient is formed by dispersion of the sample zone, and the transient
signal reflects the gradient of the sample zone, as it passes through the detector. Figure
2.4. shows some of the common components those are used for the various unit
operations in the flow-based analytical process, i.e. propulsion, injection,
reaction/mixing/modification, detection and data analysis. The assemblage of pumps

valves, flow tubes and detector are often referred to collectively as the manifold.
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Figure 2.4. Schematic diagram of a simple flow injection analysis (FIA) system [20].

The FIA technique combines several analytical functions into a method
performed in a flowing stream, usually under computer control, in a short period of
time, with simple and robust hardware, with high precision, with relatively little waste,
and covering a broad concentration range. An FIA method can be generally divided

into three stages, those were described below.

. Injection stage: In which the sample is measured and injected into the
flowing carrier stream. The device most commonly used to measure and inject the
sample into the FIA carrier stream is a two-position six-port commutating sample

injection valve, the two positions being commonly termed load and inject.

ll. Sample processing stage: In which the analyte is transformed into a
species that can be measured by the detector and have its concentration manipulated
into a range that is compatible with the detector. Dilution is a very common operation
for process FIA and SIA monitors. There are several different ways to perform dilution
such as dispersion, electronic dilution, gradient chamber, and membrane sampling,

which was employed in many works [1-4, 33] and described in next paragraph.

The use of a membrane sampling device (MSD) for dilution is relatively
simple. A donor stream flows on one side of the membrane and an acceptor stream
on the other side. The sample is injected into the donor stream and, as the sample
segment passes over the membrane, a fraction of it is transported to the acceptor

stream. The dilution factor depends on the sample volume injected, the thickness of
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the membrane, the surface area of the membrane, the channel dimensions in the

MSD, and the flow rates of the two stream:s.

In addition to dilution, MSDs can be used for other sample processing
operations, such as matrix modification, sampling of gas streams, solvent extraction,
and analyte enrichment. Two membrane sampling designs that have been used widely
differ in the membrane geometry: the parallel plate (or sandwich) design and the
tubular design. In the sandwich design (Figure 2.5.), a planar membrane is securely
placed between two inert plates. Two carrier lines, i.e. a donor stream and an acceptor
stream, pass through the MSD in separate conduits separated by the planar membrane.
The donor stream can be either gaseous or liquid, whereas the acceptor stream is
liquid. The plates have engraved channels on their surfaces facing the membrane that
define the volume for both the donor and acceptor streams. Separate tubing
connections at the ends of each channel provide flow in and out for each stream. For
gas—liquid separations, the gaseous analyte is introduced by the donor carrier stream
into the planar membrane device where it diffuses through the membrane and
dissolves into the liquid carrier stream. Only gases that can permeate the membrane
and dissolve in the acceptor stream or react chemically with a reagent in the acceptor
stream will be transported across the membrane. Hence, the selectivity advantage is
dependent primarily on the membrane material. The acceptor stream is pumped

through the planar membrane device and then out toward the detector.
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Figure 2.5. (a) Diagram of a parallel-plate membrane sampler for gas-liquid separation
(side view). (b) Detailed views of diffusion plates used in the parallel-plate membrane

design [20].
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lll. Detection stage: Where the analyte, or a derivative of it, cenerates a
response that is used for quantitation. A large variety of flow-through detectors are
used in FIA, primarily based on ultraviolet-visible optical or electrochemical

transducers.

2.3.2 Sequential Injection Analysis [20]

Sequential Injection Analysis (SIA), which is a second generation of FIA, has
the primary advantages of simpler and more compact hardware, greater method
flexibility, and less waste generation. The SIA technique offers an automated
approach to sample handling that enables manual wet chemistry procedures to be
executed in a rapid, precise, and efficient manner. Small solution zones are
manipulated under controlled dispersion conditions in narrow-bore tubing. It is
readily seen that this definition is quite similar to that given above for FIA. SIA does
not require an injection valve. Rather, a multi-position valve (MPV) replaces the

injection valve, as depicted in Figure 2.6.
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Figure 2.6. Diagram of an SIA manifold [20].

Usually, in SIA system, the peristaltic pump is replaced with a syringe pump
and a coil, called the holding coil, is added between the pump and selection valve.
To achieve the same measurement as described above for FIA, the syringe is first
filled with a carrier solution that contains the reagent. Then the selection valve is

advanced to a port that is connected to the sample line. the volume of sample is
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precisely drawn into the holding coil. The sample volume is determined by the
computerized flow program. The selection valve is then advanced to a port that is
connected to the detector, the direction of flow is reversed, and the carrier
transports the sample through the reactor to the flow cell of the detector. Again, a
detectable species is formed and is registered as a peak by the detector. The

concentration of the analyte in the sample is determined in a similar as for FIA.

2.4 Spectrophotometric techniques for determination of GABA and

Albumin

2.4.1 UV UV-visible spectrophotometry [21]

UV UV-visible spectrophotometry is a technique that uses the absorbance
of light by an analyte (the substance to be analyzed) at a certain wavelength to
determine the analyte concentration. UV/VIS (ultra violet/visible) spectrophotometry
uses light in- UV and visible part of the electromagnetic spectrum. Light of this
wavelength is able to affect the excitation of electrons in the atomic or molecular
ground state to higher energy levels, giving rise to an absorbance at wavelengths
specific to each molecule. Figure 2.7. illustrates the basic structure of
spectrophotometers. It consists of a light source, a collimator, a monochromator, a
wavelength selector, a cuvette for sample solution, a photoelectric detector, and a

digital display or a meter. Detailed mechanism is described below.

Collimator Wavelength Selector Detector
{Lens) (Slity {Photacelly
- . —: rfl..l':- /I -
) Digital Display
Light source Monochromator Sample or Meter
{Prismar Grating) Sclution

{in Cuyette)

Figure 2.7. Basic structure of spectrophotometers, | is the intensity of the incident

lisht and I, is the intensity of the transmitted light [22].
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When a beam of radiation (light) passes through a substance or a solution,
some of the light may be absorbed and the remainder transmitted through the sample.
the ratio of the intensity of the light entering the sample (I,) to that exiting the sample
(I) at a particular wavelength is defined as the transmittance (T). The absorbance (A) of

a sample is the negative logarithm of the transmittance.

2.4.1.1 Lambert's Law

The proportion of incident ligsht absorbed by a transparent medium is
independent of the intensity of the light (provided that there is no other physical or
chemical change to the medium). Therefore, successive layers of equal thickness will
transmit an equal proportion of the incident energy. Lambert's law is expressed by
equation 1.

T s (1)
IO

Where | is the intensity of the transmitted light, Iy is the intensity of the
incident light, and T is the Transmittance.

It is customary to express transmittance as a percentage:

|
%T= —x100 2)

lo

2.4.1.2 Beer's Law
The absorption of light is directly proportional to both the concentration
of the absorbing medium and the thickness of the medium in the light path. A
combination of the two laws (known jointly as the Beer-Lambert Law) defines the
relationship between absorbance (A) and transmittance (T).
A= -log . log3 = €bc (3)
lo T
Where A is absorbance (no unit of measurement), € is molar absorptivity

(L mol? em™), b is path length (cm) and c is molar concentration (mol L™).
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2.4.2 Fluorescence and chemiluminescence spectroscopies [23]

Fluorescence is photon emission processes that occur during molecular
relaxation from electronic excited states. These photonic processes involve
transitions between electronic and vibrational states of polyatomic fluorescent
molecules (fluorophores). Fluorophores play the central role in fluorescence
spectroscopy. Fluorophores are the components in molecules that cause them to
fluorescence. Majorly fluorophores are the molecule which contain aromatic rings

such as Tyrosine, Tryptophan, Fluorescein etc.
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Figure 2.8. Jablonski Diagram [24]

The Jablonski diagram (Figure 2.8.) offers a convenient representation of
the excited state structure and the relevant transitions. Molecules that have
become electronically excited subsequent to the absorption of visible (400~700
nm), UV (200~400 nm), or NIR (700~1100 nm) radiation. Excitation process to the
excited state from the ground state is very fast. After excitation, the molecule is
quickly relaxed to the lowest vibrational level of the excited electronic state. This
rapid vibrational relaxation process occurs on the time scale of femto seconds to
picoseconds. Fluorescence emission occurs as the fluorophore decay from the
singlet electronic excited states to an allowable vibrational level in the electronic

ground state.
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2.4.2.1 Instrumentation of spectrofluorometer [25]

Sample
A
. 4=}

" —
"-'.? =
—_— —
-\-"-.'h - —n

2 Maonochiomastorn F

s #

r fes
Source Callimator slit i1

Monochromator
(2]

— Detoctor

.

Arnplifier

Figure 2.9. Schematic diagram of a spectrofluorometer [26].

A diagram of a typical fluorimeter is shown in Figure 2.9. It consists of a
lisht source, two monochromators, a sample holder and a detector. There are two
monochromators, one for selection of the excitation wavelength, another for analysis
of the emitted light. The detector is at 90 degrees to the excitation beam. Upon
excitation of the sample molecules, the fluorescence is emitted in all directions and
is detected by photocell at right angles to the excitation light beam. The lamp source
used is a xenon arc lamp that emits radiation in the UV, visible and near-infrared
regions. The light is directed by an optical system to the excitation monochromator,
which allows either preselection of wavelength or scanning of certain wavelength
range. The exciting light then passes into the sample chamber which contains
fluorescence cuvette. A special fluorescent cuvette with four translucent quartz or
glass sides is used. When the excited light impinges on the sample cell, molecules in
the solution are excited and some will emit light. Light emitted at right angles to the
beam is analyzed by the emission monochromator. The wavelength analysis of
emitted light is carried out by measuring the intensity of fluorescence at preselected
wavelength. The analyzer monochromator directs emitted light of the preselected
wavelength to the detector. A photomultiplier tube serves as the detector to measure
the intensity of the light. The output current from the photomultiplier is fed to some

measuring device that indicates the extent of fluorescence.
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2.4.2.2 Chemiluminescence (CL) [27]

Chemiluminescence (CL) is defined as the emission of electromagnetic
radiation (usually in the visible or near-infrared region) produced by a chemical
reaction. In CL, reactions generally yield one of the reaction products in an electronic
excited state producing light on falling to the ground state. As can be seen in Figure
2.8., the process of light emission in CL is the same as in photoluminescence, except
for the excitation process. In fluorescence and phosphorescence, the electronically
excited state is produced by absorption of ultraviolet or visible light, returning to the
ground state (Sy) from the lowest singlet excited state (S;) or from the triplet excited

state (T,) (Figure 2.8.).

1. Luminol-hydrogen peroxide chemiluminescence

In this reaction, a small amount of luminol (3-aminophthalhydrazide or 5-
amino-2,3-dihydro- 1,4-phthalazinedione) is dissolved in a basic aqueous solution. To
this solution is added a solution of a mild oxidizing agent, which is 0.3% hydrogen
peroxide in the demonstration in Figure 2.10. (Bleach is also used in some recipes as

the oxidizing agent.) The reaction occurred by the following mechanism.
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Figure 2.10. The mechanism of the CL reaction between luminol and hydrogen

peroxide.
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2. The gold nanoparticle- catalyzed luminol-hydrogen peroxide

chemiluminescence [10]

The reaction of luminol with hydrogen peroxide in alkaline solution in the
absence of a catalyst underwent weak CL, it is assumed that the catalyst gold
nanoparticles may interact with the reactants or the intermediates of the reaction of
luminol with hydrogen peroxide. When gold nanoparticles were used as the catalysts,
epoxidation reactions were also reported to take place on the surface of gold
nanoparticles via the reversible generation of O-O bond. In addition, The O-O bond of
H,0, might be broken up into double HO® radicals by virtue of the catalysis of gold
nanoparticles, and the generated hydroxyl radicals might be stabilized by ¢old
nanoparticles via partial electron exchange interactions. Further electron-transfer
processes between L* and O," radicals on the surface of gold nanoparticles would

take place to produce the key intermediate hydroxy hydroperoxide as indicated in

Figure 2.11., leading to the enhancement of the CL.
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Figure 2.11. Mechanism for the Luminol-H,0,-Gold Colloids CL System [10].
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2.4.3 Chemistry of detection principles
2.4.3.1 Detection principle for the GABA measurement

The detection reaction for GABA is presented as the following this

mechanism which was shown in Figure 2.12.
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Figure 2.12. Reaction between GABA and 2-hydroxy-1-naphthaldehyde (HN).

The method for derivatization with subsequent colorimetric determination

of Y-aminobutyric acid (GABA) is presented. GABA was derivatized with 2-hydroxy-1-
naphthaldehyde (6% w/V) in the presence of borate buffer (pH 8.0) and acetonitrile. A
maximum absorption wavelength of the derivative was located at 425 nm, this

wavelength was employed as a detection wavelength.

2.4.3.2 Detection principle for the albumin measurement

The principle for the determination of albumin is based on
chemiluminescence (CL) detection. Gold nanoparticles (AuNPs)-catalyzed luminol
chemiluminescence [10] were employed as detection reaction. In the presence of

albumin, aggregation of the AuNPs was induced and this inhibited the CL light caused
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by the luminol-H,0O, system. The proposed mechanism of the interaction between the

AuNPs and creatinine is illustrated in Figure 2.13.

il tuile

WITH OUT ‘ . Pl
ALBUMIN Luminol - H,0, %
6 ‘ v
“Q (Enhanced CL)
.8 'S ) -
e . 's- - " Luminol — H,(,

(Inhibited CL)

‘ - AulNPs ¥.. 4 - Bovine scrum albumin » ‘ - D Agarcgated AuNPs
e -

i
i,

Figure 2.13. Schematic illustration of the proposed mechanism using AuNPs as sensor

for the detection of albumin by luminol-H,0, system.

2.5 Literature Reviews

2.5.1 Quantitative analysis of GABA

Khuhawar et al. [7] described a method for determination of gamma
aminobutyric acid (GABA) in cerebral spinal fluid (CSF) samples with pre-column
derivative formation, which used 2-hydroxynaphthaldehyde as a reagent. This method
used Phenomenex Cyg, 5 mm column with methanol: water (62:38 v/v) as the mobile
phase and with UV detection at 330 nm. The results showed that all amines and amino
acids in the mixture samples did not interfere with the response of GABA. The method
provided a linear calibration curve for GABA in the range of 1.2-28.0 mg mL™" with a

detection limit of 2.8 ng mL™.

Hayat et al. [28] developed a selective and sensitive HPLC method for
separation and quantification of GABA and lysine simultaneously in food samples,
especially in cereal seeds. The analytes were determined through a post-column

derivatization with 2-hydroxynaphthaldehyde followed by an HPLC analysis. This
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technique operated in a reverse phase C-18 column with diode array detector (DAD)
at 254 nm. The proposed method provided a linear range of 3.83-34.58 g mL™" for
GABA and 5.16-48.68 Jle mL™ for lysine with a correlation coefficient of 0.998 for both

standards.

Hayat et al. [29] proposed a simultaneous method for separation and
quantification of gamma amino butyric acid (GABA) and biogenic amines (BAs) by high
performance liquid chromatographic (HPLC). The pre-column derivatization step for
both analytes used 2-hydroxynaphthaldehyde as a derivatizing reagent. The derivative
was separated in a reversed phase C-8 column with diode-array detection at 230 nm.
The method provided a good linear range of 2.25-34.5 mg mL! for standard GABA and
DOP, of 1.15-28.5 mg mL™ for standard PUT, CAD, HIST, and of 2.50-48.5 mg mL™ for
standard TYRA, SPD, SPM with a correlation coefficient in the range of 0.997- 0.998.

Tsukatani et al. [8] proposed a flow-injection system with immobilized-

enzyme reactors to quantify the concentration of Y-aminobutyrate (GABA) and |-
glutamate. A co-immobilized glutamate oxidase (l-GOD), a catalase (CAT) reactor, and
an immobilized GABase reactor were introduced into the flow-line in series. The
concept of this method was to make use of immobilized-enzyme reactors in a single
line; the NADPH produced being monitored fluorometrically at 455 nm (excitation at
340 nm). The linear detection range for GABA was 5.0x107%-5.0x107* mol L™ and that
for l-glutamate was 1.0x107°-5.0x10"* mol L. Ten injections resulted in a relative
standard deviation of less than 2% at 0.5 mmol L level. The concentrations of both
analytes monitored by the developed method agreed well with those obtained by

liquid chromatography.

Jinnarak et al. [9] developed a sequential injection incorporated with
second order scattering (SOS) detection for determination of GABA. The detection
relied on the electrostatic attraction between positively charged GABA and negatively
charged citrate-capped silver nanoparticles in acetate buffer (pH 3.8) in which the
nanoparticles are readily aggregated. When the particle size of agglomerated
nanoparticles increases, SOS intensity is enhanced. Concentration of GABA can be

quantified by monitoring the relative change in SOS intensity using a
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spectrofluorometer. The linear detection range was 100- 400 mg L™ GABA. The

detection limit of the method was 39.6 mg L™.

Horanni et al. [30] presented a precise and sensitive HPLC method for the
determination of both primary and secondary amino acids in tea including GABA. The
separation procedure was performed on a Kinetex C 18 column at 40 °C and 262 nm
detection wavelength. The developed method was validated, showing an excellent

linearity (R2 > 0.999), a high recovery rate (>91%), and low detection and quantification

limits (LOD: 0.057-0.534 g mL; LOQ: 0.235-1.849 g mL™).

Even though the above-mentioned methods provide high specificity and
high accuracy for determination of GABA, those methods require a batchwise
procedure for sample preparation which is not practical for analyzing a large number
of samples. Therefore, many methods have been developed for solving this problem
by on-line sample clean-up for liquid samples. This solution enables a direct analysis
of GABA for a large number of samples. These on-line sample clean-up methods are

described in the next section.

2.5.2 On-line sample clean-up methods

Nagul et al. [31] introduced a flow analysis system for determination of
trace-level reactive phosphate in natural water by spectrophotometry. This developed
method utilized a polymer inclusion membrane (PIM) for on-line analyte separation

and preconcentration. Under optimal FI conditions, the method provided a linear

detection range of 0.5 - 1000 Wg L™ with a 0.5 Mg L™ limit of detection.

G. Giakisikli et al. [32] proposed a fully automated sequential injection
system for on-line column preconcentration and determination of trace metal ions in
biological samples with polyamino-polycarboxylic acid chelating resin (Nobias chelate
PA-1) as adsorbent material. This system was successfully demonstrated for vanadium
(V (V)), cadmium (Cd (1)) and lead (Pb (Il)) determination by electrothermal atomic
absorption spectrometry. The chelate complexes of analytes were kept at pH 6.0,
while the highest elution effectiveness was observed with 1.0 mol L' HNO; in the
revers phase. The detection limits of V (V), Cd (II) and Pb () were found to be 3.0, 0.06,

and 2.0 ng L, respectively, with relative standard deviations ranging from 1.9-3.7%.
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In addition, numerous methods employing dialysis membrane as part of a
flow system have been reported. A piece of membrane was used to separate low-
molecular weight analytes from interfering macromolecules, colloids, and suspended
particles in a sample matrix. J.F. van Staden. [1] developed a fully automated flow

injection analysis (FIA) procedure for simultaneous determination of sodium, potassium

and chloride in blood serum using a single sample injection (100 L blood serum),
where two dialyzers were used in series and the dialyzed components were detected
with a flame photometer and UV-vis spectrophotometer (at 485 nm). The presented

method provided a high sample throughput of 106 samples per hour.

Silva et al. [2] employed an automated sequential injection (SI) system
with conductimetric detection for determination of chloride in milk. This system
employed a dialysis unit for on-line sample pretreatment, and a sample addition
method was used for monitoring the concentration of the analyte in the samples. The
linear range of the developed method was 5x107°~1x10? mol L', and the detection

limit was 2.16 0.71x10 mol L with a relative standard deviation of less than 1.0%.

Staden [33] developed an automated flow injection system for direct
measurement of chloride content in milk samples. The on-line sample preparation
step utilized a dialysis unit to eliminate interference. The dialysate was monitored with
a coated tubular chloride-selective electrode. Under optimal FI' conditions, the
developed method provided a sample throughput of 120 samples per hour. The
calibration curve was linear in the range of 250 ~ 5000 mg L™ with a 0.50% coefficient

of variation or better.

Nacapricha et al. [3] developed a simple flow injection (FI) system using
iodine-starch reaction to determine iodide concentration in pharmaceutical samples.
The idea of the method was that iodide in a sample would be oxidized into iodine,
then a gas diffusion unit enabled selective permeation of iodine through a hydrophobic
membrane. Finally, detection of iodine exploited the formation of |5 -starch complex.
The method provided a linear curve in the range of 6000-10000 mg L and a detection

limit of 200 mg L™ with a relative standard deviation of less than 1.44%.

Morais et al. [4] evaluated the dialysing yield of membranes with different

chemical compositions employed in a sample pre-treatment procedure in a flow
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injection system for determination of chloride content in fruit juices. Polyetherimide-
composed membranes were selected because they provided high yield, strong
analytical signal, low blank signal, and absence of membrane clogging. Under optimal
conditions, this method provided a linear calibration curve in the range of 20-250

mg L™ with a relative standard deviation of 1.1 %. The percentage recovery was 102.2.

2.5.3 Quantitative analysis of albumin

Qin et al. [34] developed a spectrometric method for determination of
total protein in cow milk powder samples. The method utilized nitrophenylfluorone-
Mo (VI) as derivatizing agent for reacts with proteins in a Tween 20 microemulsion
medium. The linear range for BSA was 0-16 ug mL™. The recoveries were between
97.6% and 105.8%, and the standard relative deviations were less than 4.3%.

Zhong et al. [35] developed a new technique based on enhancement and
spectrum change of Rayleigh light scattering (RLS). The technique employed 1,2-
dihydroxyanthraquinone-3-sulfonate (Alizarin Red S) at pH = 3.6 as a derivatizing agent

that reacted with proteins in samples. The derivative was monitored at wavelength

505 nm. The linear range was 0.20-24.9 He mL~! for BSA and 0.20-15.5 [lg mL™* for
HSA. The detection limit (SN = 3) was 9.59 ng mL™" for BSA and 9.51 ng mL™! for HAS.

Devi et al. [36] demonstrated a successful determination of albumin
concentration with a voltammetry method, which is a label-free detection of proteins
using BSA in the presence of electrochemically formed silver nanostructure (AgNs) on
Au substrate modified by a self-assembled monolayer (SAM) of thioctic acid (TA). The
linear range was 10 to 10! ¢ mL™" with a limit of detection of 50 pg mL™",

Deftereos et al. [37] proposed a flow injection (Fl) system for determination
of albumin. The developed method was based on a Chemiluminescence (CL) reaction
of albumin with potassium permanganate in the presence of polyphosphoric acid
(PPA). The calibration curve was linear in the range of 5.00-300 mg mL™! with a
detection limit of 4 mg mL™.

Moreover, nowadays, gold nanoparticles (AuNPs) are the most outstanding
metal nanoparticles because of their chemical inertness, easy modification, simple
control of particle size, and high extinction coefficient. Many works have investigated

conjugation of AuNPs to albumin. Furthermore, some works applied AuNPs as catalyst
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for chemiluminescence (CL). Interesting publications on this aspect are briefly
described below.

Brewer et al. [11] studied the interaction of gold colloids surface with

bovine serum albumin (BSA). This reaction was monitored by C-potential (surface
charge and charge coverage) and quartz crystal microbalance (QCM) measurements.
The combination of these two kinds of measurements suggested that BSA binding to
gold nanoparticles and gold surface was due to an electrostatic mechanism in the
presence of citrate.

Y. Wang and Y. ni [38] studied an interaction between a protein and
nanomaterials to better understand protein nanoconjugate. Human serum albumin
(HSA) and citrate-capped gold nanoparticles (AuNPs) were utilized as a representative
of protein and nanomaterial interaction, which was monitored by UV-vis spectroscopy.
HAS molecules were attached to AuNPs surface predominantly as a flat monolayer,
forming a stable AuNPs-HSA conjugate with a core-shell structure, the binding process
took place mainly through electrostatic and hydrogen-bond interactions between the
positive amino acid residues of HAS and the negative carboxyl group of citrate on

AuNPs surface.

losin et al. [39] evaluated the influences of pH and temperature on
induction of conformation between Bovine Serum Albumin (BSA) and the surface of
gold nanoparticles (AuNPs), which was monitored by UV-vis and fluorescence
spectroscopy. the results show that pH had a major impact on the AuNPs—albumin
interface, influencing the values of binding and quenching constants as well as the

number of binding sites.

Zhang et al. [10] reported that different sizes of gold nanoparticles (AuNPs)
affected the CL reaction of a luminol-H,0, system differently. The most intensive CL
signals were obtained with 38-nm gold nanoparticles. In addition, Organic compounds
containing OH, NH,, and SH groups were found to inhibit the CL signal of luminol-H,0,-

gold colloids system, which made it applicable for determination of those compounds.
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Chapter 3

3.1 Chemicals and apparatus

3.1.1 Chemical
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Name Chemical formula Purity (%)  Suppliers
Y-aminobutyric acid C4HoNO, 99.0 Aldrich, USA
2-hydroxy-1-
Ci1HgO, 98.0 Aldrich, USA

naphthaldehyde

RCI Labscan,
Acetonitrile CyHsN 99.5

Thailand

Sigma Aldrich,
Sodium hydroxide NaOH 98.0

USA
Glacial acetic acid C,HqO, 99.8 Carlo Erba, Italy

Sigma-Aldrich,
Phosphoric acid H5PO, 85.0

USA

Sigma-Aldrich,
Boric acid BH304 99.8

USA

Sigma-Aldrich,
Trisodium citrate NazCeHs07 -

Japan
Tetrachloroauric (lll) acid Sigma-Aldrich,

HAuCl, 3H,0 99.9

trinydrate USA
Hydrochloric acid HCl 37.0 Carlo Erba, Italy
Nitric acid HNO; Carlo Erba, Italy

Thermo Fisher
Bovine serum albumin - -

Scientific, USA
5-Amino-2,3-
dihydrophthalazine-1,4- CgH7N50, 97.0 Sigma, USA
dione
Hydrogen peroxide H,O, - Merck, Germany
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Sigma-Aldrich,

Bis-acylphosphine oxide CyeHp704P 97.0

USA
Acrylonitrile butadiene

(CBHS'C4H6‘C3H3N)n - Dynaton, USA

styrene

RCI Labscan,
Acetic acid CH;COOH 99.8

Thailand

RCI Labscan,
Methanol CH5;OH 99.9

Thailand
Vitamin B12 Cg3HggCoN14O44P 98.0 Merck, Germany
Lysine C3H7NO4 90.0 Hidedia, India
Glutamic acid CsHgNO,4 99.0 Hidedia, India
Valine CsH1NO, 99.0 Hidedia, India
Leucine CgHsNO, 99.0 Merck, Germany
Histidine C6H9N3OZ 99.0 Hidedia, India
Arginine CgH1aN4O5 99.0 Hidedia, India
Tryptophan C11H1oNO, 98.0 Hidedia, India
Phenylalanine CoH11NO, 99.0 Hidedia, India
Threonine CyHgNO4 99.0 Hidedia, India
Serine CgH1aNO, 99.0 Hidedia, India
Isoleucine CgH13NO» 99.0 Hidedia, India
Aspartic acid CqH-NO3 98.5 Hidedia, India

3.1.2 Apparatus
1) Volumetric flask
2) Erlenmeyer flask
3) Micropipette
4) Beaker
5) Test tube

6) pH meter - FiveEasyPlus™ FEP20, USA
7) Hotplate — IKA® C-MAG HS7, Malaysia

8) Magnetic stirrer - Heidolph, Schwabach, Germany)
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9) UV - visible spectrophotometer — Jasco FP-8000, USA
10) 3D printer - KINGS600, China.
11) Deionized water system - ZENEER UP 900, Human Corporation, Korea
13) Centrifuge - Spectrafuge™ Model 6C, USA
14) Cellulose acetate membrane - Metrohm™, UAS
15) High performance liquid chromatograph- Waters, model 486, Italy
17) Transmission electron microscope - FEFTECNAI T20 G?, Netherlands
17) Vortex - Scientific Industries, Genie 2, USA
18) Centrifuge - Kubota 3700 micro refrigerated centrifuge, Japan
19) Spectrofluorometer - Jasco, FP-8200, Japan
20) Sequential Injection system
20.1 8-port multi-selection valve - Reno, Nevada, USA

20.2 PSD-4 syringe pump - Reno, Nevada, USA

20.3 Flow cell - Phillips, USA

20.4 PTFE tubing - AG International, JR-T6807-M 25, Switzerland
20.5 Auto-Pret™software - MKG Company, Japan

21) Flow injection system

21.2 6-Port valves - model V-450, USA
21.3 Peristaltic pump - Ismatec®, 1S7610, Switzerland
21.4 PTFE tubing - Cole Parmer, USA

21.5 Pump Tubing, 3-Stop - Ismatec®, USA

3.2 Research methodology

3.2.1 Determination of gamma-aminobutyric acid in foodstuff and
beverages exploiting a 3D printed dialysis unit and sequential injection
AWl standards and reagents used were of analytical reagent grade.

Deionized-distilled water was used throughout all the experiments.
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3.2.1.1 Chemical preparation

1) 2000 mg L™ of GABA standard stock solution
2000 mg L™ of GABA standard stock solution was prepared by
dissolving 0.0508 ¢ of solid powder of GABA in 25.00 mL of Britton-Robinson buffer
(pH 5.0).

2) Working GABA standard solution
10 mg L of albumin standard solution was freshly prepared by
pipetting 0.125 mL of the albumin standard stock solution into 25.00 mL volumetric
flask and diluting to the mark with Britton-Robinson buffer (pH 5.0). The concentrations
of 50, 100, 300, 500, 700, and 1,000 mg L were prepared by pipetting 0.625, 1.250,
3.750, 6.250, and 12.500 mL of the albumin standard stock solution, respectively.

3) 3% w/v of 2-hydroxy-1-naphthaldehyde (HN)
3% w/v of 2-hydroxy-1-naphthaldehyde (HN) was prepared by
dissolving 0.7508 g of solid powder of HN in 25.00 mL of acetonitrile solution.

4) Britton-Robinson buffer (pH 5.0)

Britton-Robinson buffer (pH 5.0) was prepared by mixing 0.05
mol L sodium hydroxide, 0.03 mol L™ acetic acid, 0.03 mol L phosphoric acid, and
0.03 mol L boric acid. This solution was adjusted to a final pH of 5.0 by using either
0.1 mol L™ of HCL or NaOH.

5) GABA foodstuff and beverages sample
Nine samples of GABA- supplemented tablets/ capsules,
germinated brown rice, instant green tea powder and GABA- enriched milk were
employed for the method validation. All samples were commercially available in local
drug stores and supermarkets in Bangkok, Thailand. These samples were chosen to
demonstrate the suitability of the developed method for direct analysis of both solid
and turbid liquid samples. The samples were directly transferred into the donor

chamber without any sample preparation except for grinding the tablets and rice grains.
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3.2.1.2 Experiment

1) Study on detection reaction of GABA using UV - visible
spectrophotometer

Aliquot of 1.00 mL of the standard GABA in Britton-Robinson buffer

(pH 5.0) was transferred to a 10 mlL-volumetric flask. Then, 2 mL of 3% (w/v) HN was

added. Acetonitrile was used as diluent to adjust the volume to mark. This solution

was incubated overnight in dark at ambient temperature. The derivative was detected

at 425 nm via UV-visible spectrophotometer.

2) Fabrication of the 3D printed dialysis unit

The fabrication of the 3D printed dialysis unit is started by a
computer-aided design (CAD) was utilized to design this unit, which was shown in Figure
3.1. by SketchUp 8™ software. Then, this image file was converted to an STL file and
digitally sliced into multiple 2D layers prior to its export for fabrication by the 3D
printer. The 3D printing step, poly (methyl methacrylate) (PMMA), bis-acylphosphine
oxide and acrylonitrile butadiene styrene were used as photo-initiator and additive,
respectively. After that, curing step an Nd: YVO, solid-state laser (355 nm) as the light

source and a fixed scanning speed of 10.0 m s* was employed.
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Figure 3.1. Photograph of the screen capture represented the drawing of the 3D
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printed dialysis unit which is designed by SketchUp software.
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3) The SI system and working flow

The SI system for the automated on- line derivatization and
determination of GABA is presented in Figure 3.2. A. PTFE tubing (1.0 mm i.d.) was
employed to construct the manifold. The lengths of the holding and the mixing coils
were 25 cm and 50 cm, respectively. The Sl assembly comprised a PSD-4 syringe pump,
equipped with a 12.5-mL glass syringe and an 8-port multi-selection valve.
Spectrophotometric detection at 425 nm was carried out using a UV-visible
spectrophotometer, which was equipped with a 10-mm flow cell.

The 3D printed dialysis units were integrated into the SI system
(see Figure 3.2. A). While dialysis in DU#1 was proceeding, the dialysis procedure for
samples in dialysis units, DU#2 to DU#5, was consecutively conducted. This strategy
provides more rapid analysis for routine work with a large number of samples.

All the operational sequences of the SI method were controlled

using the Auto-Pret™software. Details of the sequence are given in Table 3.1 and Figure
3.2. B. Briefly, the system was prefilled with the carrier (acetonitrile). Aliquots of 25 L

of the dialysate and 30 UL of HN were sequentially aspirated into the holding coil. By
reversing the pump flow and selecting the appropriate position of the MV port, the
zone of the reaction mixture was propelled to the mixing coil and subsequently to the
flow-cell of the spectrophotometer. The absorbance of the derivative was monitored
at 425 nm. The entire sequence for the on-line derivatization and absorbance

measurement were completed in less than 1.0 min.
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Table 3.1 Operational sequence of the SI method for one complete measurement

cycle.

SP
Flow rate

Step  Piston T-wa
y (UL sec™)
Position Connection

MV port

Volume

(bL)

Action description

1 down left 400

1000

Suction of the carrier

into the syringe

2 down right 10

38

25

Aspiration  of  the
dialysate  from the
dialysis unit no. 1,
(DU#1 in Figure 3.2. A)
into the holding coil

3 down right 10

30

Aspiration  of  the
derivatizing  solution
(HN) into the holding

coil

4 up right 150

1

1055

Propelling the reacted
zone  through  the
mixing coil into the

detector

¢ the port was consecutively switched to No. 4-7 when the following dialysis units

(Figure 3.2. A) were employed.
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Figure 3.2. (A) The Sl system with the 3D printed dialysis unit for automated on-line

derivatization and absorbance measurement of derivatized GABA. SP: Syringe pump,

MV: 8-port multi-selection valve, D: UV-visible spectrophotometer (A = 425 nm), ST:
Magnetic stirrer, HC: Holding coil (25 cm), MC: Mixing coil (50 cm), DU: an homemade
3D printed dialysis unit, C: Carrier (acetonitrile), S: Dialysate, HN: 3% (w/v) of 2 hydroxy-
1-naphthaldehyde in acetonitrile, W: Waste. (B) Schematic of the sequence of the
multi- selection valve, direction of carrier flow and the resulting zones of dialysate
sample (S) and derivatizing reagent (HN). (C) Schematic drawing of the closed 3D
printed dialysis unit showing the position of the stainless steel sieve, the cellulose
dialysis membrane, the two magnetic stirring bars, the sample and dialysate solutions

and the two narrow vertical vents in the conical section of the lid.

4) Dialysis procedure
The dialysis procedure is started by transferring an accurate weight
of the sample powder into the donor chamber and then the small magnetic bar,
followed by the stainless steel sieve (30 mm i.d., 0.33 mm thickness). An aliquot of 6.0

mL of Britton-Robinson buffer (pH 5.0) was then added. A cellulose acetate membrane

(Metrohm™, 0.2 lLm pore size, 30 mm i.d. and 115 Wm thickness) was placed between

the donor and acceptor chambers. A smaller magnetic bar was placed onto the
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membrane (Figure 3.2. C) for homogeneous mixing of the dialysate. The top lid was
then screwed on to the body. An aliquot of 1.5 mL of the acceptor solution (Britton-
Robinson buffer, pH 5.0) was pipetted into the assembled unit via ‘Hole-2’ in the lid
(Figure 3.2. C). Finally, the dialysis unit was fixed firmly on a magnetic stirrer and

connected to the SI system. At exactly 5.0 min after the start of the dialysis process,

25 UL of the dialysate was aspirated into the SI flow-line for on-line derivatization and
absorbance measurement. For the milk sample, the experimental procedure is the
same as for the solid, but an aliquot of 6.0 mL of a sample solution was pipetted into

the donor chamber instead.

5) Optimization of dialysis process conditions
Optimization of the conditions of the dialysis process was
performed. The dialysate was processed through the developed SI system and
monitored with a spectrophotometer, as shown in Figure 3.2. The sequence of the
dialysis process is described in 3.2.1.2 (4), and the measurement procedure is described

in section 3.2.1.2 (3).

- Volume of acceptor solution
In this study, standard solutions of GABA (50-1000 mg L)
and Britton-Robinson buffer (pH 5.0) were employed as the donor and the acceptor
solutions, respectively. The effect of the volume of the acceptor was studied with the
donor volume kept constant at 6.0 mL (the maximum volume in the donor chamber).
This volume of the donor solution allows the donor solution to reach the surface of
the hydrophilic membrane in order for dialysis to take place. The investigated acceptor

solution volumes were 1.5, 2.0, 3.0, 4.0, 5.0, and 6.0 mL.

- Dialysis time
The dialysis time is defined as the time interval from the
start of stirring of the sample solution in the donor chamber until it is stopped. The
effect of dialysis time was studied using 6.0 mL of calibrators (50-1000 mg L™ GABA)
and 1.5 mL of Britton-Robinson buffer (pH 5.0) as the donor and acceptor solutions,

respectively. The investigated dialysis times were 1, 3, 5, 8, and 10 min.
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- Stirring speed
The effect of stirring speed was examined using 6.0 mL of
200 mg L™ GABA, 1.5 mL of Britton-Robinson buffer (pH 5.0) acceptor solutions, and 3
min of dialysis time. The investigated stirring speed were 440, 880, 1320, 1760, and
2200 min.

6) Factors affecting the derivatization reaction
Factors affecting the derivatization reaction in a dialysis unit were
optimized. The dialysate was processed through the developed SI system and
monitored with a spectrophotometer, as shown in Figure 3.2. The sequence of the
dialysis process is described in 3.2.1.2 (4), and the measurement procedure is described

in section 3.2.1.2 (3).

- Effect of pH of acceptor solution
Since the reaction between GABA (a primary amine) and HN
(an aldehyde) is a pH dependent reaction, the dependence needed to be studied.
Therefore, the acceptor solution was adjusted to various pH: 1, 2, 3,4, 5, 6, 8, and 10
and investigated under the following conditions: 6.0 mL of calibrator at various
concentrations (50-1000 mg L GABA), 3 min of dialysis time, 1.5 mL of acceptor

solution, and 1760 rpm of stirring speed.

- Concentration of 2-hydroxy-1-naphthaldehyde (HN)
The effect of concentration of 2-hydroxy-1-naphthaldehyde
(HN) on sensitivity was studied using 6.0 mL of calibrator at various concentrations (50-
1000 mg L! GABA), 1.5 mL of Britton-Robinson buffer (pH 5.0) as donor and acceptor
solutions, 3 min of dialysis time, and 1760 rpm of stirring speed. The investigated

concentrations of HN were 0.3, 0.6, 1.5, 3.0, 4.5, and 6% w/v.

7) Optimization of the SI system
Optimization of the SI system was performed. The dialysate was

processed through the developed SI system and monitored with a spectrophotometer,
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as shown in Figure 3.3. The sequence of dialysis process is described in section 3.2.1.2

(4), and the measurement procedure is described in section 3.2.1.2 (3).

- Aspirated volume
The effect of aspirated volume of the dialysate on sensitivity
was studied using 6.0 mL of calibrator at various concentrations (50-1000 mg L™ GABA),
1.5 mL of Britton-Robinson buffer (pH 5.0) as donor and acceptor solutions, 3 min of

dialysis time, and 1760 rpm of stirring speed, while the volume of 3% w/v HN in the

flow-line was kept fixed at 30 L.

- Mixing coil length
The effect of mixing coil length on sensitivity was studied
using 6.0 mL of calibrator at various concentrations (50-1000 mg L™ GABA), 1.5 mL of

Britton-Robinson buffer (pH 5.0) as donor and acceptor solutions, 3 min of dialysis

time, 1760 rpm of stirring speed, 3% w/v of HN, and 25 UL of dialysate. The
investigated mixing coil lengths were 0, 50, 100, 200, 300, and 400 cm.

- Dispensing flow rate
The effects of dispensing flow rate on sensitivity and sample
throughput was studied using 6.0 mL of calibrator at various concentrations (50-1000

mg L? GABA), 1.5 mL of Britton-Robinson buffer (pH 5.0) as donor and acceptor

solutions, 3 min of dialysis time, 1760 rpm of stirring speed, 3% w/v of HN, and 25 UL
of dialysate. The investigated dispensing flow rates were 25, 50, 75, 100, 120, and 150

UL sec™.

8) Effects of coexisting interfering species
Some compounds that were found in the samples, including milk,
rice, and tea that might cause interference with this method were selected and studied
using 50 mg L™ GABA. The tolerance limit was the maximum concentration of the
spiked compound, i.e., the maximum concentration that would result in a measured
GABA absorbance that did not lie outside the range of mean+ 3SD of the absorbance

value of the standard 50 mg L™ GABA. The investigated compounds were vitamin B12,
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lysine, glutamic acid, valine, leucine, histidine, arginine, tryptophan, phenylalanine,
threonine, serine, isoleucine, and aspartic acid. Those were studied in a dialysis unit.
The dialysate was processed through the developed SI system and monitored with a
spectrophotometer, as shown in Figure 3.2. The sequence of dialysis process is
described in section 3.2.1.2 (4), and the measurement procedure is described in section

3.2.1.2 (3).

9) Validation
- Accuracy
Accuracy was determined as percentage analytical recovery

(%). Percentage recovery was calculated by equation 3.1.

spiked sample — sample
% recovery = B stanpdard - X100 (3.1)

Where: Spiked sample is the concentration of GABA found
in sample that spiked with the standard of GABA solution of 50 mg L™! by adding into
the donor chamber of 3D printed dialysis unit. Sample is the concentration of the
GABA samples, including GABA-supplemented tablets/ capsules, grains of germinated
brown rice, instant green tea powder and GABA-enriched milk. Standard is the standard

of GABA solution of 50 mg L™,

- Precision
% RSD was considered for precision of the method. The
reproducibility was studied by a series of ten repetitive measurements of 500 mg L™

of standard GABA. Calculation of % RSD was done according to equation 3.2 below,

SD
% RSD =— x 100 (3.2)

where  SD is the standard deviation of ten replicates,

X is the mean of ten replicates.
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10) HPLC measurement

A reversed-phase HPLC method [7] was employed as a

comparison method. Nylon membrane filter (0.45-lLm) was used throughout. The
steps for the sample preparation were as follows:

1) GABA-supplemented powder: 0.3182 g of GABA-supplemented
powder was dissolved in 25.0 mL of DI water. The solution was centrifuged at 1500
rom for 10 min and the supernatant was filtered.

2) Germinated brown rice [40]: the germinated brown rice, 0.2534
g of ground sample was added to 800 mL of 70 % (v/v) ethanol. The solution was

vortexed mixed for 1 min at ambient temperature and then centrifuged at 14000 rpm

(4 °C) for 10 min and the supernatant was filtered.

3) Instant green tea powder: instant green tea powder, 3.0823 g of

sample was infused with 100.0 mL of water (60 °C). The solution was cooled down to
the ambient temperature prior to being was filtered.

4) GABA-enriched milk [41]: GABA-enriched milk, 4.0 mL of the
sample was acidified by adding 2.5 mL of 3% (v/v) acetic acid. The solution was
vortexed and kept for 15 min before centrifuging at 1500 rpm for 10 min, and the
supernatant filtered.

Batchwise derivatization was performed by pipetting either 1.0 mL
of GABA standard solution or the final filtered supernatant of a sample into a 5.0-mL

glass vial. Aliquots of 0.6 mL of borate buffer (pH 8.0) and 2.0 mL of HN (0.3 % w/v in
methanol) were added. The solution was vortexed and heated at 80 °C for 10 min
using a heated bath. The mixture was cooled down before adjusting to the final
volume of 10.0 mL with methanol. The solution was injected into the HPLC system
using the following conditions: injection volume of 5 UL, guard column (C18, 20 mm
X 3.9 mm i.d.), analytical column (Phenomenex C18, 150 mm x 4.6 mm id., 5 kkm
particle), mobile phase of methanol-water at 60:40 (v/v) at flow rate of 1.0 mL min™

(isocratic elution) and detection wavelength of 330 nm.
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3.2.2 Flow-based systems with 3D printed flow cells for quantitative
measurement of Albumin in urine based on using the AuNPs-catalyzed
chemiluminescence detection

All standards and reagents used were of analytical reagent grade.
Deionized-distilled water was used throughout all the experiments. All glassware in the
experiments were soaked in 10 % (v/v) of nitric acid and rinsed thoroughly with distilled

water prior to use.

3.2.2.1 Chemical preparation
1) 100 mg L™ of Albumin standard stock solution
100 mg L™ of albumin standard stock solution was prepared by

dissolving 0.0250 ¢ of solid powder of albumin in 250.00 mL of water which was

adjusted pH to 6.0 with 0.01 mol L™ HCl then standard stock solution was kept at 4°C.

2) Working Albumin standard solution
0.1 mg Lt of albumin standard solution was freshly prepared by
pipetting 0.025 mL of the albumin standard stock solution into 25.00 mL volumetric
flask and diluting to the mark with water (pH 6.0). The concentrations of 1, 10, 30, 50,
and 70 mg L™ were prepared by pipetting 0.25, 2.50, 7.50, 12.50, and 17.50 mL of the

albumin standard stock solution, respectively.

3) 0.1 mol L of sodium hydroxide
0.1 mol L of sodium hydroxide was prepared by dissolving

1.00 ¢ of sodium hydroxide in 250.00 mL of DI water.

4) 1.0x1072 mol L of luminol
A 1.0x10% mol L' stock solution of luminol sodium salt
(3-Aminophthalhydrazide) was prepared by dissolving 0.17716 g of luminol in 100.0 mL

of 0.10 mol L sodium hydroxide solution.
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5) 0.15 mol L™ of hydrogen peroxide
0.15 mol L™ of H,0, was daily prepared by dilution 3.83 mL of
30% (v/v) H,0, then made up with water to 250.0 mL.
6) 1.0 mmol L™ of standard tetrachloroauric acid
1.0 mmol L™ of tetrachloroauric acid solution was prepared by

dissolving 0.0394 ¢ of tetrachloroauric (Ill) acid trihydrate in 100.00 mL of DI water.

7) 38.8 mmol L™ of trisodium citrate
38.8 mmol L of sodium citrate was prepared by dissolving 0.5706
g of trisodium citrate dehydrate in 50.00 mL of DI water.

8) Urine sample Urine sample
Urine samples were collected from healthy volunteers. After
filtration through a 0.45-klm cellulose membrane filter, 5 mL of sample was pipetted

into a 10.0 mL volumetric flask and then made up with water.

3.2.2.2 Experiment

1) Synthesis of gold nanoparticle
AuNPs were prepared by modified procedure of Turkevich’s
method [42]. 100.0 mL of 1 mmol L™ chloroauric acid (HAUCl,-H,0) was heated to 95°C
and stirred vigorously. Then, 7 mL of 38.8 mmol L! of trisodium citrate solution was
immediately added. The color of the solution was changed from pale yellow to deep

red. This mixture was further boiled for 10 min and was cooled to room temperature.

The as-prepared AuNPs colloidal was kept at 4°C overnight before using.

2) Characterization of AuNPs

- UV-vis spectroscopy
Two mL of AuNPs was transferred into a quartz cuvette, then
the absorption spectrum was scanned with a UV-vis spectrophotometer in the

wavelength range of 400 - 800 nm
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- Transmission electron microscopy

Ten UL of AuNPs was dropped onto a copper grid and the excess
was wiped off, and the grid was then left to dry overnight. Then, the morphology of

the prepared copper grid was observed under a transmission electron microscope.

3) Fabrication of the 3D printed flow cell

The 3D printed flow cell was designed in two different types for
two different options, namely flow cell prototype | and Il. Prototype | was used as
detection flow cell as shown in Figsure 3.3 and prototype Il was utilized for on-line
detection of albumin as presented in figure 3.4.

A computer-aided design (CAD) was utilized to design the flow cell
by SketchUp 8™ software, as shown in Figure 3.3 (A) and 3.4 (A). This image file was
converted to an STL file and digitally sliced into multiple 2D layers prior to its export
for fabrication by the 3D printer. Poly (methyl methacrylate) (PMMA), bis-acylphosphine
oxide and acrylonitrile butadiene styrene were used as photo-initiator and additive,
respectively. For curing step an Nd: YVO, solid-state laser (355 nm) was used as the
light source and a fixed scanning speed of 10.0 m s was employed. The design and
the photograph of the 3D printed flow cell are depicted in Figure 3.3. and 3.4,

respectively.

(A)

e ;\\

Figure 3.3. The flow cell prototype I: (A) photograph of the screen capture represented
the drawing of the flow cell which is designed by SketchUp 8™ software and (B)
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Photograph of the homemade 3D printed flow cell. Note: In Figure 3.4 (B), the flow

cell was filled with blue dye solution.

Figure 3.4. The flow cell prototype II: (A) photograph of the screen capture represented
the drawing of the flow cell which is designed by SketchUp 8™ software and (B)
Photograph of the homemade 3D printed flow cell.

4) Study on aggregation of AuNPs by albumin using UV - visible
spectrophotometer

Aliquot of 2.00 mL of the AuNPs was transferred into a 10-mm

pathlength quartz cuvette. Then, 0.2 mL of 0.1 mg L™ of standard albumin was added.

This solution was shacked for 5 min. The spectrum of mixture was monitored from 400

to 800 nm. Other standard albumin concentrations (1, 10, 30, 50, and, 70 mg L™) were

monitored with the same procedure.

5) Effect of incubation time on AuNPs aggregation by albumin

Incubation time was defined as the period of time that the
solution was kept after standard albumin and AuNPs were mixed and before albumin
detection. This effect was investigated with various concentrations of AuNPs: 1.42, 2.57,
4.30, and 8.38 nmol L', while the standard albumin concentration was fixed at 10
me L. The procedure started by transferring an aliquot of 2.00 mL of 1.42 nmol L™
AuNPs into a quartz cuvette. Then, 0.2 mL of 10 mg L standard albumin was added.
The mixture was incubated from 1 to 60 min. The absorption spectra from 400 to 800
nm was scanned every 1 min for 1 to 30 min of incubation time, then the measurement
frequency was changed to every 5 min for incubation time from 30 to 60 minutes. This

procedure was applied with all other investigated AuNPs concentrations.
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6) The Fl system and working flow

- FI system and working flow of flow cell prototype |

The FI system for determination of albumin in urine using 3D
printed flow cell prototype | is presented in Figure 3.5. PTFE tubing (1.0 mm i.d.) was
used throughout. An Ismatec peristaltic pump was used for driving reagents. Two 6-
Port valves, depicted as V; and V,, were used for injection of luminol and mixture
solution between AuNPs and std. albumin/urine, respectively. The 3D-printed spiral
flow cell was attached in front of PMT in a Jasco spectrofluorometer for monitoring of
the light intensity (425 nm). 1 x 10? mol L luminol was injected via V; into the stream
of 0.1 mol L™ of NaOH. The injectate was merged with the H,O, steam. The standard

albumin or sample was off-line mixed with AuNPs (10 min) before injection through V,.

P
HIOI 25
NaOH . 2.5 Waste
H,0 25
mL min!

Figure 3.5. A schematic diagram of the Fl system for determination of albumin based
on the AuNPs-catalyzed reaction between luminol-H,0,. P; peristaltic pump, V; 6-Port

injection valves, F; the 3D-printed spiral flow cell, D; spectrofluorometer

- Flow-based system and working flow of flow cell

prototype I
The developed FI system is combined with flow injection
system and sequential injection system for on-line detection of albumin. This

developed Fl system was presented in figure 3.6.
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Mixing solution (AuNPs + Std. Albumin)
from ST system
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fesns e :

peristaltic pump

|
H,0, ﬁ |
ﬁ | —Waste

Syringe pump Multi selection valve

Luminol

Sample/Std. albumin

Figure 3.6. The developed flow-based system was combined with FI and SI system for
automated on-line derivatization and chemiluminescence (CL) detection using the 3D

printed detection flow cell prototype Il.

The developed flow system was presented in Figure 3.6. In
flow injection part, the PTFE tubing (1.0 mm i.d.) was used throughout. An Ismatec
peristaltic pump was used for driving luminol and H,0, solution through the 3D-printed
flow cell prototype II, which was attached in front of PMT in a Jasco spectrofluorometer
for monitoring of the light intensity (425 nm). The steam of 1 x 10 mol L luminol in
0.1 mol L of NaOH was merged with the H,0, steam in flow cell and reacted with
on-line mixing solution of standard albumin or sample with AuNPs from SI system.

The SI system was utilized for the automated on-line
derivatization of albumin and AuNPs. In Figure 3.6., the PTFE tubing (1.0 mm i.d.) was
employed to construct the manifold. The lengths of the holding and the mixing coils
were 25 cm and 250 cm, respectively. The SI assembly comprised a PSD-4 syringe

pump, equipped with a 12.5 mL glass syringe and an 8-port multi-selection valve. All
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the operational sequences of the SI method were controlled using the Auto-

Pret™software. Details of the sequence are given in Table 3.2 and Figure 3.6. Briefly,

the system was prefilled with the carrier (water). Aliquots of 1000 UL of the AuNPs

solution and 100 UL of sample/std. albumin were sequentially aspirated into the

holding coil and incubated for 3 min. By reversing the pump flow and selecting the

appropriate position of the MV port, the zone of the reaction mixture was propelled

to the mixing coil and subsequently to the 3D printed flow cell.

Table 3.2 Operational sequence of the SI system for one complete measurement

cycle.
55
Flow rate Volume
Step  Piston T-way MV port Action description
(UL sec) (uL)
Position Connection

Suction of the carrier

1 down left 400 - 1000
into the syringe

2 down right 10 4 1000  Aspiration of the AuNPs
solution

3 down right 10 5 100 Aspiration.  of  the
sample / std. albumin
into the holding coil

a4 - ~ 7 . - Incubated the mixing
solution in holding coil
for 3 min
Propelling the reacted
zone  through  the

il up right 25 3 2100

mixing coil into 3D

printed flow cell

¢ the port was consecutively switched to No. 1,2,7 and 8 for other samples/Std.

albumin.
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7) Optimization of flow system
Optimization of the FI system was performed, as shown in Figure

3.5. The sequence of measurement is described in section 3.2.2.2 (6).

- Effect of sample volume
Sample volume was defined as the volume of a mixture of

AuNPs and standard albumin. Various sample volumes were investigated: 100, 200,

300, 400, 500, 550, and 600 L, while the volume of luminol was fixed at 400 L.

- Effect of flow rate
The effects of flow rate on sample throughput and
sensitivity were investigated. The investicated flow rates were 1, 1.5, 2, 2.5, and 3
mL min, while the volume of luminol was fixed at 400 UL, and the volume of sample

was fixed at 500 L.

- Effect of concentration of AuNPs
The effect of AuNPs concentration on sensitivity was
investigated. The investigated AuNPs concentrations were 5.88x107° 1.42x107,

2.57x107, 4.30x107, 8.38x10°, and 9.72x10° mol L}, while the volume of luminol was

fixed at 400 UL and the sample volume was fixed at 500 LLL. The flow rate of every

line stream in this FI system was 2.5 mL min™.

- Effect of concentration of luminol
The effect of AuNPs concentration on sensitivity was
investigated. The investigated luminol concentrations were 0.1, 1, 10, 100 and 1000
mmol L?, while the volume of luminol was fixed at 400 LLL, the concentration of

AuNPs was fixed at 1.42 nmol L and the sample volume was fixed at 500 HLL. The

flow rate of every line stream in this Fl system was 2.5 mL min™.
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8) Effect of flow cell design
The effect of regarded in term of flow cell was investigated. Both
designs were utilized for determination of the std. albumin in range of 0.1-70

me L and the sensitivity of each design will be compared.

- Flow cell prototype |
The optimization of the FI system was performed, as shown
in Figure 3.5. The sequence of measurement is described in section 3.2.2.2 (6), while

the concentration of luminal was fixed at 0.01 mol L, the volume of luminol was
fixed at 400 LLL, the concentration of AuNPs was fixed at 1.42 nmol L™ and the sample

volume was fixed at 500 UL. The flow rate of every line stream in this FI system was

2.5 mL mint.

- Flow cell prototype I
The developed FI system was performed, as shown in Figure
3.6. The sequence of measurement is described in section 3.2.2.2 (6), while the
concentration of luminal was fixed at 0.01 mol L*in 0.1 mol L* of NaOH, the
concentration of AUNPs was fixed at 1.42 nmol L! and the concentration of H,0, was

fixed at 0.15 mol L.

9) Validation

- Accuracy

Accuracy was regarded in term of percentage analytical
recovery. A spiked sample solution was prepared by pipetting 9.00 mL of urine sample
into a 10.00 mL volumetric flask, followed by an addition of 1 mL of 100 mg L™ albumin
standard solution. A sample solution was prepared by pipetting 9.00 mL of urine
sample into a 10.00 mL volumetric flask and diluted it to the mark with DI water.
Standard albumin concentrations of 1, 10, 30, 50, and 70 mg L were prepared by
pipetting 0.1, 1.00, 3.00, 5.00, and 7.00 mL of the albumin standard stock solution into
a 10-ml volumetric flask and diluted it to the mark with DI water. The detection process

of all prepared solutions is described in section 3.2.2.2 (6).
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- Precision
% RSD was considered for precision of the method. The
reproducibility was studied by a series of ten repetitive measurements of 30 mg L™

albumin. Calculation of % RSD was done according to equation 3.2
- LOD and LOQ [43]
The limit of detection (LOD) and the limit of quantitation
(LOQ) were calculated by calibration curve method using the following equations:
LOD = Vg + 3Sg (3.3)

LOQ = YB + 1OSB (34)

Where yjg is intercepts of regression line and Sg is standard

deviation of intercepts of regression line.
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Chapter 4

Results and Discussion

4.1 Determination of gamma-aminobutyric acid in foodstuff and beverages
exploiting a 3D printed dialysis unit and sequential injection

In this work, a direct analysis method using a newly designed 3D printed dialysis
unit and sequential injection analysis (SIA) for spectrophotometric determination for
determination of GABA in both liquid and solid samples was developed. In this chapter
shown the results of optimization conditions, method validation, and the application

of the developed system to GABA supplemented products and beverages.

4.1.1 Study on detection reaction of GABA wusing UV-visible
spectrophotometer

In this study, the association reaction between gsamma-aminobutyric acid

(GABA) in Britton-Robinson buffer (pH 5.0) and 2-hydroxy-1-naphthaldehyde was

chosen as detection reaction. The chemical reactions can be written as the following

equations, which was presented in Figure 4.1.

o

J 3 A ;Nw-"“\/ﬂ\nh

M/\/\(OH joHt OH
TN G e O ¢ o

GABA in Brittan-Robinson 2-hydroxynaphthaldehyde (HMN) HM-GABA
buffer (pH 5.00

Figure 4.1. Imine reaction between GABA and HN was exploited as derivatization

reaction.

The derivatization process is also carried out under mild condition without
heating. The problem risen from air bubble produced by heating which has been
always found in flow analysis is therefore ignorable. We also found by the batchwise
experiment that the sensitivity obtained by our derivatization method is greater than
that of the other derivatization conditions as employed by the other works in

literatures [7] (See Figure 4.2.).
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Figure 4.2. Calibration plots of the standard GABA solutions (from 5.0 to 70 mg L)
obtained by the different derivatization conditions. ---&--- our method

and =@ another method [7].

After derivatization the mixture is changed from colorless to yellow, that
demonstrates the HN-GABA derivative product can be monitored using UV - visible
spectrophotometer. The absorption spectra of derivatives were monitored in range of
400 to 500 nm. The studied solutions were prepared by mixing of the 1 mL of standard
working solutions of GABA (0, 50, 100, 200, 300, and 400 mg L) in buffer pH 5 with 2
mL of 3% (w/v) HN. This solution was incubated overnight in dark at ambient

temperature. Results were shown in Figure 4.3.

4%

0.5 4

3% SS4d GABA 400 meL y= 1x10° + 4.4x 10

B = 09977
—S4d A BA 300 mg/l. -

e
=
-

S1d. G ABA 00 mg/l
.",_ \ —Std.GABA 100 mg/l.
- \ Sl GARA S0 mg/L
*, -."-. Y hank

Absorbance (a.u.)
Absorbance (a.u.)

LU 150 oo 450
Wavelength (nm) Concentration of GABA (mg L)

Figure 4.3. (A) Absorption spectra and (B) calibration line of the standard GABA solution
(from 50 - 400 mg L) were obtained.
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The absorption spectra in Figure 4.3A show that the maximum absorption
wavelength (Kmax) located at 425 nm. When the concentration of standard GABA in
buffer pH 5 is increased, the absorbance reading is increased in the concentration range
of 50 to 400 mg L' GABA. The linear calibration curve that plotted between the
absorbance values at Xmax and the concentrations of standard GABA (Figure 4.3B) also

showed good linearity (¥ = 0.9977).

4.1.2 Design of the homemade 3D printed dialysis unit

Figure 4.4A and B are the photograph and schematic drawing of the
homemade 3D printed dialysis unit, respectively. The unit is composed of four key
components (from bottom to top): (i) the unit body, (i) the stainless steel sieve, (iii)
the dialysis membrane and (iv) the unit lid. The lid is screwed on to the body for rapid
opening and closing. This design allows for easy addition of solid or liquid sample into
the unit. The unit body comprises the cylindrical-shaped donor and acceptor
chambers. The donor chamber is designed as having two ‘bathtubs’, as shown in
Figures 4.4B and 4.5. ‘Bathtub-1’ and ‘Bathtub-2’ are employed for placing the
stainless steel sieve and the dialysis membrane, respectively. This stainless steel sieve
is an important component that allows for direct analysis of solids since it prevents
macromolecules in sample matrices from contacting the membrane. This is confirmed
by the SEM images in Figure 4.6A and B that clearly show that, without the sieve,
clogeged membrane surface is observed. This strongly affects the function of the

membrane resulting in decreased efficiency of mass transfer during dialysis.

The wnit lid is designed in a cylindrical configuration to screw on to the
unit body but with a cone at the top (Figure 4.4B). There are two small holes in the
cone section of the lid. ‘Hole-1" is used for inserting a PTFE tube (0.1 mm i.d., 100 mm
length) for withdrawing the dialysate into the SI system. ‘Hole-2’ serves two purposes:
(i) as a ventilator for preventing excessive build-up of pressure inside the unit during
the dialysis process and (ii) as the channel for pipetting the acceptor solution into the
unit (Figure 3.2C). Beneath the cone section of the lid, there is a cylindrical wall (Figures
4.4B and 4.5). This wall gives tight fitting of the lid into the groove of the unit body and

to press the membrane on to ‘Bathtub-2’. This keeps the membrane taut and rigid.
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Figure 4.4. (A) Photograph and (B) Schematic drawing of the exploded view of the ‘in-
house’ 3D printed dialysis unit for direct analysis of solid and liquid samples. Note:

All dimensions as illustrated in Figure 4.4(B) are presented in ‘mm’.

wa.! I. ;.‘
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Hole-1 " “Hole-2
{for suction of dialysate) {for ventilation)
g Gm“ -
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{for direct loading
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Figure 4.5. (A) Side-view and (B) faced-up view of the photographs of the 3D printed
dialysis unit body and its lid.
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(A) ‘Without’ stainless sieve

[ A

(D) |

Figure 4.6. SEM images of the cellulose dialysis membrane: (A) without and (B) with
the stainless steel sieve after analyses of ground (a) GABA-supplemented tablet and

(b) germinated-brown rice.

4.1.3 Optimization of conditions of dialysis process

4.1.3.1 Volume of acceptor solution

In this study, standard solutions of GABA (50-1000 mg L) and Britton-
Robinson buffer (pH 5.0) were employed as the donor and the acceptor solutions,
respectively. The effect of the volume of the acceptor was studied with the donor
volume kept constant at 6.0 mL (the maximum volume in the donor chamber). This
volume of the donor solution allows the donor solution to reach the surface of the
hydrophilic membrane in order for dialysis to take place. The results were shown in

Figure 4.7.
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Figure 4.7. Volume of acceptor solution affecting the dialysis procedure.

Figure 4.7. demonstrate that the sensitivity (slope of the calibration line)
rapidly decreases with increasing acceptor volume due to dilution effect. The
highest sensitivity is obtained at 1.5 mL, and this volume was selected. An acceptor
volume of 1.0 mL was also employed. However, the level of the acceptor solution
was very small, resulting in air bubbles being drawn into the SI flow line when the
dialysate was aspirated leading to disturbance to the derivatization and absorbance
measurement. In principle the acceptor volume of 1.5 mL gives a 4-fold pre-
concentration factor. This is very useful for the analysis of the samples containing

very low GABA content.

4.1.3.2 Dialysis time

The dialysis time is defined as the time interval from the start of stirring of
the sample solution in the donor chamber until it is stopped. The effect of dialysis
time was studied using 6.0 mL of calibrators (50-1000 mg L™* GABA) and 1.5 mL of
Britton-Robinson buffer (pH 5.0) as the donor and acceptor solutions, respectively. The

results in Figure 4.8. was presented below.
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Figure 4.8. Effect of dialysis time on sensitivity and sample throughput.

The results in Figure 4.8. show that the sensitivity is improved as the dialysis

time is increased. However, sample throughput is reduced. As a compromise between

sensitivity and throughput, a dialysis time of 5.0 min was chosen.

4.1.3.3 Stirring speed

The effect of stirring speed was examined using 6.0 mL of 200 mg L™ GABA.

The results were presented in Figure 4.9.

.0

= " Ty
x ] =
i "

Absorbance ;e . (au,)

=
=

.0

Sy LU 15040 20y

Stirring speed (rpm)

2500

Figure 4.9. Effect of stirring speed on sensitivity of dialysis process.
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Those results in Figure 4.9. show that increasing the stirring speed enhances
the absorbance reading. This is because the efficiency of the dialysis process is typically
enhanced by mechanical stirring to promote the convective-controlled mass transport.
However at the highest setting (2200 rpm), there was turbulence of donor solution and

also the magnetic bar was unstable and collided with the metal sieve. The speed of

1700 rpm was therefore chosen.

4.1.4 Factors affecting the derivatization reaction

4.1.4.1 Effect of pH of the acceptor solution
Since the reaction between GABA (a primary amine) and HN (an aldehyde)
is a pH dependent process, a pH range of 1-10 of the acceptor buffer solution was

investigated, at unit pH interval. The results were depicted in Figure 4.10.
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Figure 4.10. Effect of pH on sensitivity of imine reaction between GABA and HN.

The results in figure 4.10 show that sensitivity increases sharply from pH of
1-4 and then remaining unchanged from pH 5 to 10. At low pH, the amine group of
GABA is converted to the ammonium ion and becomes non-nucleophilic. At higher pH,

there is not enough acid to protonate the hydroxyl group of the intermediate to allow
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for the removal of water (see the reaction mechanism in Figure 2.12. for more details).

Therefore, a pH of 5 was considered suitable.

4.1.4.2 Study on kinetic of the reaction

Kinetics of the detection reaction was studied for 500 min at the fixed

wavelength (425 nm). The results are shown in Figure 4.11.

200

0 100 200 300 4104y 500

Time (min)

Figure 4.11. The kinetic curves of the reaction between GABA and HN when standard
GABA solution (400 mg L) were studied.

The results in Figure 4.11. show that the absorbance of the standard GABA
solutions in buffer pH 5 (400 mg L) after mixing with HN reached equilibrium within
120 min. It is clearly observed that the reaction is quite slow. Therefore, we try

optimizing the other parameter such as pH value in order to improve the reaction rate

and the sensitivity of the method.
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4.1.4.3 Concentration of 2-hydroxy-1-naphthaldehyde (HN)
2-hydroxy-1-naphthaldehyde (HN) was employed as the derivatizing agent.
The concentrations of HN were studied from 0.3-6% (w/v), the results were

demonstrated in Figure 4.12.
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Figure 4.12. Effect of concentration of the derivatization solution (2-hydroxy-1-

naphthaldehyde or HN).

The results in Figure 4.12. show that the sensitivity is considerably
enhanced by increasing the concentration of HN from 0.3 to 3.0% (w/v) but does not
differ from 3.0 to 6.0% (w/v), respectively. As a compromise between the sensitivity

and the reagent consumption, the concentration of 3.0% (w/v) was selected.

4.1.5 Optimization of the S| system

4.1.5.1 Aspirated volume
The effect of the aspirated volume of the dialysate was studied while

keeping the volume of HN in the flow-line fixed at 30 L. The results were shown in

Figure 4.13.
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Figure 4.13. Effects of the physical parameters of the SI system of aspirated volume

of the dialysate and derivatizing solutions.

The Figure 4.13. indicate that the sensitivity increases slightly before
reaching a plateau value at 25 L. This may be because of insufficient amount of the
derivatizing agent when using higher volume of the dialysate. The aspirated volume of
the dialysate of 25 UL was therefore selected and employed in the following study.
As expected, the sensitivity significantly increases with increasing volume of the
derivatizing solution (Figure 4.13). However, the baseline shifts due to a layer of the
sample zone remaining on the window of the flow-through cell was observed at high
volume (35 and 40 [LL). Therefore, the aspirated volume of the HN solution was set

at 30 UL (with the aspirated volume of the dialysate of 25 UL).

4.1.5.2 Mixing coil length
The effect of mixing coil length on sensitivity was studied using 6.0 mL of
calibrator at various concentrations (50-1000 mg L™! GABA). The investigated mixing coil

length were 0, 50, 100, 200, 300, and 400 cm. The results were demonstrated in Figure
4.14.
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Figure 4.14. Effects of the physical parameters of the S| system; Length of mixing coil.

The results in Figure 4.14. show that the use of the mixing coil (50 cm), as
compared to having no coil, gives higher sensitivity as the mixing process is more
efficient. However the sensitivity decreases when the length of the length was
increased due to dispersion effect; also a longer coil results in a lower sample

throughput. Thus the mixing coil of 50 cm length was employed in the final system.

4.1.5.3 Dispensing flow rate

The effects of dispensing flow rate on sensitivity and sample throughput
was studied using calibrator at various concentrations (50-1000 mg L™ GABA), 1.5 mL
of Britton-Robinson buffer (pH 5.0) as donor and acceptor solutions, 3 min of dialysis

time, 1760 rpm of stirring speed, 3% w/v of HN, and 25 UL of dialysate. The

investigated dispensing flow rates were 25, 50, 75, 100, 120, and 150 UL sect. The

results were shown in Figure 4.15.
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Figure 4.15. Effects of the physical parameters of the Sl system for aspirated volume

of dispensing flow rate.

The results in figure 4.15. show that at faster flow rates sensitivity only

gradually increases whilst the sample throughput increases in proportion with the flow

rate. The flow rate of 150 L s was selected since it offers the highest sensitivity and
sample throughput. At this flow rate, the sample throughput of 64 samples h' is

achieved.

4.1.6 Analytical performance

Under the optimal conditions listed in Table 4.1, a linearity range of 10-
1000 mg L™ GABA was obtained with reproducible signal profiles (Figure 4.16). The
detection limit (35D of blank) is 0.14 mg L which is sensitive enough to determine the
GABA content in dietary supplements and beverages. However the colorimetric
detection might not be sufficiently sensitive to analyze low concentrations of GABA
found in biological samples [7,8,42]. In order to employ this developed method for
these kinds of samples, a pre-concentration step may be required.

Using the SI system, rapid and repeatable measurements were achieved
(<1.0 min sample™) with high precision of 1.2 %RSD, 15 injections of 10 mg L GABA

(see Figure 4.17.). Furthermore, the SI system allows simultaneous dialysis of many
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samples. This strategy provides rapid measurements, which is necessary for routine
application.

Comparison of this method with other analytical methods in the literature
is shown in Table 4.2. In Table 4.2 the methods are categorized as non-derivatization
and derivatization methods. For the non-derivatization methods, it was necessary to
use either an enzyme reactor [ 8 ] or modified heavy metal nanoparticles
(chemosensors) [9] to improve the selectivity. Amongst the derivatization methods
which employed HN as the derivatizing reagent [7, 28-19], our analytical procedure
was simpler and faster. This is because the S| system offers automated on- line
derivatization and measurement. The derivatization reaction was carried out under
mild condition without heating eliminating the problem of air bubbles being generated.

The unique feature of this method is that with our design of the 3D printed
dialysis unit, direct analysis of solid and liquid samples is possible without sample
preparation, except grinding of the solid samples. This is because installing the stainless
steel sieve inside the donor chamber prevents clogging of the dialysis membrane by

colloidal matters. Turbid and coloured liquid samples can also be directly analysed.
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Figure 4.16. Examples of the signal profiles of the standard GABA solutions and the
corresponded calibration graph. Form (a) to (h) are 0, 10, 50, 100, 300, 500, 700, and
1,000 mg L of standard GABA. Inset is the corresponded linear calibration plot.
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Figure 4.17. Examples of the reproducibility of signal profiles at 10 mg L™ GABA, 15

injection.

Table 4.1 Summary on the optimization study and the selected conditions for the
dialysis = procedure and for automated derivatization with = subsequent

determination of GABA by the S| system incorporation with the 3D printed dialysis unit.

Parameters Studied range Selected value

(1) The dialysis procedure

(1.1) Acceptor volume (mL) 1.5-6.0 1.5

(1.2) Dialysis time (min) 1.0-10 5.0

(1.3) Stirring speed (rpm) aa0 - 2,200 1,700
(2) The Sl system

(2.1) pH of the derivatizing agent 1.0 =10 5.0

(2.2) Concentration of the 03-6.0 3.0

derivatizing agent (% w/v)
(2.3) Aspirated volume of dialysate
(pL)
(2.4) Aspirated volume of the

10 - 35 25

10 - 35 30
derivatizing agent (uL)

(2.5) Length of mixing coil (cm) Without - 400 50
(2.6) Dispensed flow rate (uL sec™) 25 - 150 150




Table 4.2 Comparison of the analytical characteristics of the proposed method with the other methods in literatures for determination of GABA.

Analytical Analytical characteristics Direct
Sample Derivatization
No technique/ Working range RSD Detection time analysis of Ref
(Preparation) (Condition)
Detection (mg L) (%) (min sample) sample
Non-derivatization methods
1 FI + Enzyme reactor Uptod8x10-3 >20 3 No Culture medium/ - [8]
/Fluorescence (Dilution + Filtration)
2 SI/ Light scattering 100 - 400 .3 2.4 No Green tea/ - [9]
(Centrifugation + Filtration)
Derivatization methods
3 HPLC/ UV 1.2-28 2.4 2 No Human CFS Batchwise ¢ [71
(Centrifugation + Filtration) = (80 °C, pH 8.0, 10 min)
4 HPLC/ UV 3.83 - 34.58 125 8 No Rice Batchwise @ [28]
(Centrifugation + Filtration) (80 °C, pH 8.0, 10 min)
5 HPLC/ UV 2.25-345 2.19 5 No Rice Batchwise @ [29]
(Centrifugation + Filtration) (85 °C, pH 8.5, 15 min)
6 SI+ HPLC/ LV 0.01-3 32-5 12 No Human CFS/ Urine On-line © [32]
(Centrifugation + Filtration) (Without heating,
pH 9.4, < 1 min)
7 SI/ Colorimetry 10-2,000 1.2 1 Yes Food stuffs/ beverages On-line @ This work
(without preparation) (Without heating,
pH 5.0, < 1 min)

Note: The derivatizing agents are: © 2-hydroxy-1-naphthaldehyde and © o-phthalaldehyde.

63
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4.1.7 Effects of coexisting interferences

In this work, compounds that are found in the samples [22-24], including
milk, rice and tea, and which may cause interference with this method, were selected
and investicated using 50 mg L? GABA. The tolerance limit is the maximum
concentration of the spiked compound giving the measured absorbance for GABA
which does not lie outside the range of mean+ 3SD of the absorbance value for the
standard 50 mg L™ GABA. As shown in Table 4.3, the tolerance limits for all investigated
interferences are higher than the concentrations that may exist in samples [22-24]. This

suggests that the developed method is not affected by these compounds.

Table 4.3 Tolerance limit of the interfering compounds.

Foreign species Tolerance limit (mg L)

Isoleucine, Methionine, Serine, Threonine 100

Phenylalanine, Tryptophan, Arginine, Histidine 200

Leucine, Valine, Glutamic acid, B12 300
Lysine 500
Aspartic acid 1,000

4.1.8 Application to sample and validation

To verify that developed method is fit for the purpose, it was applied to
analysis of nine samples, including GABA-supplemented tablets/capsules, grains of
germinated brown rice, instant green tea powder and GABA-enriched milk. Recovery
study was first carried out. Standard solution of GABS was added to the sample in the
donor chamber to give the spiked concentration of 50 mg L™\ It is observed in Table
4.4 that the recoveries ranged from 97.4 to 102.2% (mean recovery: 99.8% + 1.5). This

result demonstrates that the method is free from sample matrix effect.

The GABA contents determined using the developed method and the
reversed-phase HPLC, were compared and the results are listed in Table 4.5. The
results are not significantly different using the Pearson linear regression test (r? =
0.9999) [25]. The GABA contents are compared to the label values and they are in

good agreement.



Table 4.4 Percentage recovery of spiked GABA using the developed SI system.
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GABA content, as mg L!

Sample (Mean + SD, n =3) Recovery

Original Added Found (%)
GABA supplement-1(Tablet) 99.5 £ 0.30 50 149.3 £ 0.47 99.6
GABA supplement-2 (Capsule) 201.4 + 0.98 50 2513 +0.28 99.7
GABA supplement-3 (Capsule) 502.7 + 0.52 50 5523 £ 0.17 99.3
GABA supplement-4 (Capsule) 500.3 + 0.08 50 549.9 + 0.07 99.1
GABA supplement-5 (Capsule) 750.9 + 0.62 50 801.7 + 0.45 101.7
GABA-enriched milk-1 14.7 + 0.31 50 63.4 + 0.07 97.3
GABA-enriched milk-2 11.5 £ 0.07 50 61.0 £ 0.50 99.1
Germinated-brown rice 20.7 £ 0.50 50 71.8 + 0.29 102.2

Table 4.5 Comparison of the GABA contents in foodstuffs and beverages, determined

by the developed S| system and the validating HPLC method.

GABA content, as mg L!
(Mean + SD, n =3)

Sample Label value
This work HPLC method

GABA supplement-1(Tablet) 99.5+1.3 100.8 + 0.03 1002
GABA supplement-2 (Capsule) 202.4 + 2.0 2029 £ 0.5 200°
GABA supplement-3 (Capsule) ot /N0 5 4999 + 1.4 500°
GABA supplement-4 (Capsule) 5003 + 2.1 498.6 + 2.4 500°
GABA supplement-5 (Capsule) 743.4 + 1.6 751.9 £ 0.2 750°
GABA-enriched milk-1 33835+ 0.3 3519.0 + 0.01 3,412¢
GABA-enriched milk-2 26373 £ 0.1 2645.0 = 0.02 2,656°
Germinated-brown rice 31.6 + 0.5 30.4 + 0.04 30.5¢
Instant green tea powder 20.1 £+ 0.1 20.7 £ 0.6 20¢

Note: The GABA contents are. % mg tablet?, ® mg capsule, < mg carton, ¢: mg

100 ¢! and, and ® mg pack™.
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4.2 Flow-based systems with 3D printed flow cells for quantitative measurement
of Albumin in urine based on using the AuNPs-catalyzed chemiluminescence

detection.

4.2.1 Characterization of the AuNPs

AuNPs were prepared by modified procedure of Turkevich’s method [42].
The color of the solution was changed from pale yellow to deep red. The as-prepared
AuNPs colloidal was kept at 4°C overnight before using. The Characterization of AUNPs

is carried out and the results are shown in Figure 4.18.
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Figure 4.18. (A) and (B) are TEM image and absorption spectra of the prepared AuNPs,
respectively. (C) and (D) are TEM image and absorption spectra of AuNPs in the
presence of standard albumin (50 mg L), respectively. The inset pictures of (B) and

(D) are the observed colors of the AuNPs solutions.
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Transmission electron microscopy (TEM) image in Figure 4.18A show that
the monodispersed and spherical nanoparticles are observed (average size: 18.4 + 0.04
nm). Maximum absorption wavelength of the as-prepared AuNPs is located at 520 nm
(Figure 4.18B). These results are agreed with the literature report [42]. TEM image in
Figure 4.18C reveals that aggregation of AuNPs in the presence of albumin is occurred.
This results in red shift of the absorption spectrum of the AuNPs as shown in Figure

4.18D.

4.2.2 Study on aggregation of AuNPs by albumin using spectrophotometer

Albumin can simply bind on the AuNPs surface through the displacement
mechanism, where the stabilized citrate ion around the nanoparticles can be displaced
by BSA upon adsorption, with the amino acids (functional groups), lysine (amine),
histidine (imidazole), and cysteine (thiol) [43]. After binding, the AuNPs became
aggregate. Then the absorption spectra and the color change of the AuNPs in the

presence of various concentrations of albumin is presented in Figure 4.19.
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Figure 4.19. (A) Absorption spectra and (B) the color of the AuNPs (8.38 nmol L?) with

various concentrations of standard albumin (0.1 to 70 mg L.

Ficure 4.19A indicates that increasing in the concentration of albumin,

induce aggregation of the AuNPs. The color of the AuNPs solutions are changed from
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red to dark blue (Figure 4.19B). This confirm that the formation of AuNPs-albumin
conjugate is occurred.
4.2.3 Catalytic effect of AuNPs on the CL reaction between luminol and
H,O,

This effect was studied in the absence of albumin. Results in Figure 4.20
indicate that when the concentration of AuNPs is increased, the CL intensity is also
increased. This is an evidence that the as-prepared AuNPs can catalyze the CL reaction

of luminol and H,0,.
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Figure 4.20 Signal profiles, obtained by injection of various concentrations of AuNPs
into the developed Fl: (a) 0, (b) 0.59 x 107, (c) 1.42 x 107, (d) 2.57 x 107, (€)4.30 x 107
, () 8.38 x 107 and (g) 9.72 x 10° mol L™

4.2.4 Study on detection reaction of albumin using spectrofluorometer

Schematic illustration of the detection principle is shown in Figure 4.21.
Gold nanoparticles (AuNPs)-catalyzed luminol chemiluminescence [10] is employed as
detection reaction. In the presence of albumin, aggregation of the AuNPs is induced
and this inhibited the CL light caused by the luminol-H,0, system. The mechanism of

the interaction between the AuNPs and albumin is proposed in Figure 4.21.
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Figure 4.21. Schematic illustration of the AuNPs sensor to detect albumin in the

luminol-H,0O, system.

Results in Figure 4.22A show that, gold nanoparticles (AuNPs) can catalyze
luminol chemiluminescence. The intensity of luminol-H,O, system was increased in
the presence of AuNPs. In the other hand, the intensity of (AuNPs)-catalyzed luminol
chemiluminescence is decreased when, the albumin concentration is increased.
Because albumin bound to the AuNPs, the AuNPs became aggregate. The results in
minimizing in free AUNPs for catalysis of the luminol-H,O, chemiluminescence system.

The inset pictures of (A) and (B) are the observed colors of the AuNPs solutions.
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Figure 4.22 A: The signal profiles of (a) luminol-H,0, and (b) AuUNPs catalyzed luminol-
H,0,, B: AuNPs-catalyzed luminol chemiluminescence in the presence of standard

albumin concentrations of (a)-(f); 0, 10, 30, 50, and 70 mg L.

4.2.5 Design of the homemade 3D printed spiral flow cell
The 3D printed flow cell was designed in two different configurations. The
flow cell prototype | was used as detection flow cell (Figure 4.23.) and the flow cell
prototype Il was utilized for on-line mixing with subsequent detection of albumin.
There pictures are presented in Figure 4.24.
Both flow cell was designed as spiral and fabricated quickly and easily using
three-dimensional (3D) printing technology. This cell was attached in front of the

photomultiplier tube inside the spectrofluorometer.
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Figure 4.23. The picture of 3D printed spiral flow cell prototype I.
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Figure 4.24. The picture of 3D printed spiral flow cell prototype II.

4.2.6 Batchwise study on the reaction between albumin and the AuNPs using
spectrophotometer

Reaction time (or incubation time) is defined as the period of time that the

solution was kept after mixing between standard albumin and AuNPs. This effect was

investigated by various concentrations of AuNPs from 1.42 to 8.38 nmol L™ (standard

albumin was fixed at 10 mg L'!). The results are shown in Figure 4.25. When incubation

time is increased, the absorbance ratio (Ag,0/Asy) is also increased. The ratio is slightly

difference after 10 min. Therefore, 10 min is selected.
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Figure 4.25. Effect of incubation time

4.2.7 Optimization of FI system

4.2.7.1 Effect of sample volume

The effect of the sample volume (the mixture between AuNPs and

standard albumin/urine) was studied while the volume of luminol was fixed at 400 L.

The results are shown in Figure 4.26. The sensitivities are increased when the volumes
are increased from 100 to 500 HL. The sensitivity is decreased at higher volume.

This was due to the doublet peak was observed. The injection volume of 500 UL is

therefore chosen.

Sensitivity (x 10%)

L] I'jl' 4;‘] 'Elljl.
Sample volume (ul)

Figure 4.26. Effect of sample volume
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4.2.7.2 Effect of flow rate

Effect of flow rates were studied from 1 to 3 mL min™. The results are
presented in Figure 4.27. Increasing in the flow rate results in increasing in the sensitivity
and the throughput. However, at 3.0 ml min™, the sensitivity is decreased. The flow
rate of 2.5 mL min is selected as compromising between the sensitivity and the

throughput. By this flow rate the throughput of 66 samples h™ was achieved.
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Figure 4.27. Effect of flow rate

4.2.7.3 Effect of concentration of the AuNPs

Effect of the concentration of the AuNPs was studied from 0.59 to 9.72
nmol L*. Results are shown in Figure 4.28. As the concentrations are increased, the
sensitivities are decreased. Because when the concentrations of AuNPs increased, this
caused the intensity of luminol-H,O, CL increased. This is more difficult to investigate
the slightly decrease of intensity from quenching mechanism of albumin. Hence, AuNPs

1.42 nmol Lt was chosen as the suitable concentration of AuNPs for further studies.
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Figure 4.28. Effect of AUNPs concentration

4.2.7.4 Effect of concentration of Luminol

The concentration of luminol was studied from 0.1 to 1000 mmol L™
Results are shown in Figure 4.29. The sensitivity is considerably enhanced by increasing
in the concentration of luminol from 0.1 to 10 mmol L. The sensitivity become slightly
increase but slightly increase from 10 to 1000 mmol L. As a compromise between

the sensitivity and the reagent consumption, the concentration of 10 mmol L* is

selected.
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Figure 4.29. Effect of luminol concentration



4.2.8 Effect of flow cell design

75

Figure 4.30. demonstrate the signal profiles and linearity ranges of standard

albumin (0.1-70 mgL™). These signal profiles were detected with using 3D printed flow

cells prototype | and II. The sensitivities of both systems were compared and shown

in Figure 4.31.

Figure 4.30. (A) Signal profiles of luminol-H,0, CL using flow cell prototype |
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H,0, CL in the

presence of standard albumin concentration of 0, 0.1, 10, 30, 50, and 70 mg L7,

respectively and (B) linear calibration curve. (C) Signal profiles of luminol-H,0O, CL

using flow cell prototype II: (h)-(g), (AuNPs)-catalyzed luminol-H,0, CL in the

presence of standard albumin concentration of 0, 0.1, 10, 30, 50, and 70 mg L?,

respectively and (D) linear calibration curve.
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Figure 4.31. Effect of flow cell design on sensitivity, (A) is the picture of 3D printed

spiral flow cell prototype I, which was filled with blue dye, (B) is the picture of 3D
printed spiral flow cell prototype Il

Results in Figure 4.30. and 4.31. clearly indicate that the sensitivity obtain
by the flow cell prototype Il provides better sensitivity. It is because the flow cell
allows on-line mixing with subsequent detection. Dispersion of the reacted zone as

occurred in flow cell prototype | was eliminated.

4.2.9 Analytical performances

Under the optimal conditions, Figure 4.32(B) demonstrated a linearity range
of 0.1 to 70 mg L' albumin (Intensity = -44.665[Albumin] + 8956.3, r’ = 0.996). The
results were good reproducibility (RSD < 1.0 % at 30 mg L'! of standard albumin). The

signal profiles were shown in Figure 4.32(A). Limit of detection (3SD/slop) was obtained

at 0.01 mg L™,
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Figure 4.32. (A) Signal profiles of luminol-H,0, CL: (a)-(f), (AuNPs)-catalyzed luminol-
H,O, CL in the presence of standard albumin concentration of 0, 0.1, 10, 30, 50, and

70 mg L*, respectively and (B) linear calibration curve.

4.2.10 Application to urine sample
The developed Fl system was applied to determine the albumin content
in the spiked urine, collected from normal volunteers. The results are shown in Table
4.6. It was observed that good recovery was obtained (95.7 to 101.1 %). These results

can guarantee that the method was free from the sample matrix effect.

Table 4.6 Percentage recovery of albumin in urine samples, evaluated by the

developed method

Albumin concentration (meg L) %
sample
Original Added Found Recovery
1 13.1+0.02 10 23.4+0.47 101.1
2 8.7+0.02 10 18.5+0.28 98.1
3 1.3+0.01 10 22.9+0.17 95.7
a4 15.2+0.02 10 25.0£0.07 98.2
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Chapter 5

Conclusions and Suggestions

5.1 Conclusions

5.1.1 Determination of gamma-aminobutyric acid in foodstuff and
beverages exploiting a 3D printed dialysis unit and sequential injection system
The 3D printed dialysis unit was applied for the direct analysis of solid and
liquid samples. The homemade dialysis unit was easily and rapidly fabricated. By
adding a stainless-steel sieve inside the donor chamber, the problem of the clogging
of the dialysis membrane by suspended particulates or macromolecules in the sample
matrices was eliminated. More than one 3D printed dialysis unit can be incorporated
with the Sl system for simultaneous dialysis of many samples. The dialysate from each
dialysis unit is consecutively aspirated into the SI flow-line for automated on-line
derivatization and absorbance measurement of the derivatized GABA. The developed
method provides rapid analysis with high precision and accuracy. Successful validation

of the developed method against HPLC was achieved.

5.1.2 Flow-based systems with 3D printed flow cells for quantitative
measurement of Albumin in urine based on using the AuNPs-catalyzed
chemiluminescence detection.

The flow-based system for the determination of albumin based on
chemiluminescence (CL) detection using 3D printed spiral flow cell was successfully
developed. The method was possible for on-line determination of urinary albumin and

also gave high precision and high accuracy with high throughput.
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= A new design of 2 30 prinied datysis ani was successfully applésd for direet analysis of gamma-sminohunmic aciil (GABA) in salid foodstuffy amd
beverages.

=« stdinless seed sheve placed ingede the donop chamber effectively prewents chagiing of the dialysis membrane by the sample marrices.

= Muliple diakysis units were indegrated o ghe soquentialinjeien (5 syshem o that conseoive dadfyis of amples could be acuewed.

= The duadysate was aspirated into the 51 sy=tem for autnmaked derivatization and specrophotametnic measwement within iess than 1.0 min.

A RTWE LE I NFO ABSTRACT
Ardiche-hisssrye In this work, a new design of a dialysis Amil: for direct amahyris of sulid and ligoid somples ix presented
Keeetvod 14 May 203 The hamemade nnit was tonstriced wsing 8 30 printer dus o its smole ard fast fabrication ability. The
L“ﬁfﬂ'{ '";u"“"?"] fiarm wbialysés urir iv eoemposed of cylinddcal-shaped danor aind Jocepior chambers, A stainless steel sieve is
mpﬁ";] p. 16 e installes) insisle. the: dengy dhamber. SEN mmages clearly showed that the deve prevented membicane
| tovallattio mrilie Mk b R b btickage by suspeodisn padicles in the sanple Muitiple dishpsis umils wens connected 102 sequential
injection (5] system for seral determination of gamma-amisobidyric acid (GADA] in solid and Fgusd
- sampies The dialysate from each diafysis unil ws cotecutively aspirated int the 5 o line or on-line
s B dernmtration of GASA with 2 hydroey 1-maphihaldefyde (308 wivl The dervative was detected
Thahyoin specinophubimetricably o 4285 nm The linear catibration range wtended io 1000 mg L' GAIA {r » (195)
DHfvect andtysis with high predsion (1.2 XRSD) The deweoped system was applied to analysis of dictary supplements,
Antprraied deratizaion fraing of gerrinated brown dee and milk, The samiples were diretly imtroduced mto the danar chamber
Soaquen el Egecioe pither as poveder or ligaids. The messured GABA conlens msing the developed method was companed
T=ARA wsing. high-performanot Bquid. chromamgraphy, with good agreement osing Pearson’s cormefation
O ' QOG0T The wethod bas, high scousaey ased on recovery stadies (A = 15%) snd high sanple
thomghpul (64 sampbes A"y
& A Elsevier BY. All rights reserved.
1. Introdudtiion analytical chemists, Uswally 3 pre-treatment/preparation step is

required o achieve the desired selectivity |1-3). Dialysis wsing
The direcr analysis of samgpbes-has always been a challenge for  membrane is one of the sample clean-up methods for separating
lowsmoleoular weight analytes from interfering macromalecules,

codlotds and suspended particles in the sample marrix 1],
N Varioas destgns of dialysis units have been reported. With
I.&;:.L-'Ef:;;rt;:'rﬂmum:wl b Scsanin snd Techeokagy regands to Now anabysas, the majorty of the diaksis units have the
Es ol anlebvess: nchusen g fmeaepm e (. Chiveggekan] sandwhch design with rectangular geometry [4,5]. A flat sheet of

i ooy BTG ) ace 25000 1 678
HHE-2670/0 210 Bevier AN AL righs resenesd
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Inyelrophilic membrane is placed between the upper and the lower
plates. The use of this sandwich-type dialysis unit as part of the
Tow system was shown to be very sifective for removing partico-
late matter b luid samples, such as seram |Gf, milk | 75), phar-
maceutical products [ 4] and fruit juices | 10]. Some study ermployed
a concentric-type diabysis onit [5] or @ microdiabyser [ 1] for anal-
yels of solids. However, the devices were not suitable lor direct
analysis, Prior sample preparation was necessary before the devices
could be applied, Therefore, in this work, we designed a new
dialysis unit suitable for ditect anabysis of solids. The unit comprises
cyfindrical-shaped donor and acceptor chambers. In contrast to the
other dialyds units, this unil incorporiles & stanles stesl sieve
inside the donor chamber. Using this feature, clogging of the
membrane by macromolecules in sample matrices was eliminated
The dialysis unit was constructed using 3D printing based on
sterenlithograply [12- 4] The advantage of 10 printng is iis
capability o constnuct components that cannot be easiy manu-
Tactured using comventional means [14] % 15 4 anesstep prodiction
process 5Mehwﬂnn;pﬁnwwhwmﬁq costs

Gamma-aminobutyric acid (GARA} has been considered as a
health promoting substance that can redice amisry and propwte
:MllS[u&manﬂmmhmmbwdfu
the quantitative analysis of GARs, inchaling high performance
liguid ¢hromatggapdiy (HPLC) [ 16 - L] P injection (1) [20]
seguential dnjection (R [21). The chromatographic technkques
pravide high ssbectivicy bur the fiow-based. mechods offer rapid
determination, Meverthebess, all these mithods ars ot applicable
for the divect analysie of samples. Sample preparation profoools
wills extensive time and Labour sre required, In this work, samples
arg clipectly sransferred fuge the dialysis upit 25 powder o Fuids.
The wrelt veas integrated with 451 system for on-lme derbatization
of GABA using 2-hydrooy-1-naphehaldetyde (HN) as the deriva-
thring reagent. The derivative was monsored a8 435 nm. Applica-
tian (o solid samples, inchiding CABA-supplemensed. tablersy
wcapsules, grains of germnmated brown fice and. green tea povider
wiere studied and also CABA-snriched milk as an exaniphe of furbid.
caloured Hguid

L Experimental
21 Rengemis and samples.

Al chemicals were of analytical reagent grade. Deionized-
distilled water [ 18 M cm) was from a Zenser UPS00 water puri-
fieation systerm | Human Cotpoeathon, Seoil, Korea) The derivarie-
ing solutien (1% wivl was prepared by dissobving 0.75 g of
h-ﬂww—l-nﬂmurhyﬂr (Sigma Aklrich, LISA) i 2500 mL ol

Em Lateran, Thailanel). & stock standard solution of
mth GARA was prepared by dissobeing (LS8 ¢ of GARA
{Sigma Akirich, YSA) in 25.00 mL of Britton-Bobinson uffer [ph
s.u].mehulhwapwrndhfmﬁuﬂmmh‘mfyb
umlmmutum] 0.0 mol L acenic ackd (RO Lz,
Thailamel). 0.03mol L ' phasphoric acid (Sigma Alrich, USA]and
00 el L 'Hhﬁﬁ{mmmﬁﬁ] The workdng standard
solutions were freshiy prepared wing appropriate dilution of dhe
sinck GAILA solution with the boffer solution.

Mime sxmples of GARA-mipplemented [ablersfcapsules, germi-
nated brown rice, instant green (e powder and GARA-snriched.
milk were employed for the method validation, All samples wers
commercially available in local drug stores and supermarkers in
Banglkuk, Thailand. These samples were chasen (o demonstrate the
suitability of Lhe developed method for direct analysis of bath solid.
and turbid liquid samgples. The samples were directly transdesred
Ivto thie dhmor Chamber without amy sansple preparathon eocepl oo
grinding the tablets and rice grains.

22 Fubrication of the 30 printed diafysis it

The photograph and schematic drawing of the homemade 7D
printed dialysis unil for the direct analysts of the samples are
depicted in Fiz 14 and B, respectively, The unit was made from
polylmeet iyl methacrylae] [PMMA], wsing bis-acyiphosphine axide
| Sigma-Abdrich, USA) and acryloniorile butadisns soyrens (Dynalon,
L5A] as the photo-initiator and additive, ively, The unit wis
Iahiticated] wsityg a4 compuier-aidbed design (CAD) [Fy 15, Sketchlp
B goftware ). This image file was converted o an STL file and
digitalky shiced into multiple 20 layers prior to its export for fabri-
cathon by the 30 printer |KINGS600, Clina) The peiter uses an
MNil=YVOud solid-state laser {355 nm} as the light source and a fixed
scanning speed of 100 ms *

231 The 5t system amd working flow

The 51 system for the automated on-Jime derivatization and
determination of GARA |s presenied in Hig JA PIFE tubing [ L0 mm
i) was smployed to construct the manifokd. The lengths of the
holdking anc the mixing codls wers 25 cm aiel S0 om, fespectively.
The 51 assembly comprived 4 PSD-4 syrings pomg (517, equipped
with a 15-ml glass syninge and an S-port multi-selection vahe

MWL Both the 5P and MV were purchased fram Hamilton Campary

[Reng, Mevada, USAL hmtoemetric detection ot 425 nm was
carried ot using @ fasco VEID UV visible spectrophotometer ()
[Tk, Jagan |, which was equipged with a 10-mm Oow cell | 18-pl.
Philligs, Lsa). mmmaﬂMMuwamm inregrated
nto the S wystem (see Fig 2AJ While dialysis in DU#1 was pro-
perding. the dialysds prcedure Tor samples in dialysis units, DUW3
10 DS, was consecutivedy combucted, Tiils strategy provides more
rapid anakysls for moutine work with a large number of samphes.
Al the aperstional sequences of the 51 method were controfled
g e AUID-PRE™ softwate {MKG Company, Japan . Decails of the

appuenoe aneegvenin Tande 1 and lig B Briefly, the system was

prefifled with the carries, C {acetomitrile). Aligrots of 25 pl of the
il aysate v 30 L ol HNweresequentially aspiraed into the hokling
ol (HCL By peversing the pump fow and selecting the sppropriate
posizion of the MY port, the soneof the reaction mixiure was pro-
peBec] i che misdig coll (W ned subissquenty 1o the low-cell of the

“spectraphotometer (1) The absorbance of the derivalive vwas moni-
ed at 425 nim, The entire sequencs for the on-line deratization

mémmt\mmmmmtum
Zd. Dicdiesls precedurd

The dialysis procedure is started by transferring an acowrate
wieight of the sample pewder into the dosor chamber and then the
small magnetic bar, folowed by the stainbess steel sieve (30 mm
kil 033 mm thickness] (fig 1) An aligoat of 6.0 mi of Britton-
Robinson tulfer (phl 5.0) was then added. A cellulose acetate
membrane (Metrohm™, 02 wm pore size, 30 mm Ll and 115 un
mﬂnm]mmmmﬂdonmandmpmrma.
smaller maghetic bas was placed onto the membrane (G 2C) far

us mixing of che dialysare. The togp lid was then scrased
ante the body. An dliquot of 1.5 mi of the accepdor solution {Brit-
tor-Robinson bulfer, pH 5.0) was piperied o the assembled i
wia ‘Hobe-2' in the lid (Fig. 2C) Finally, the diakysis unis was fixed
Firmly on a magnetic stirrer { Heidolph, Schwabiach, Germary) ansd
connected o the S1aystem At exactly 5.0 min slter the start of the
dialysis process, 15 pl of the dialysate was aspiraied into the 51
Nee-fime: for on-fine derivatization and sbhsorbance measurement,
Far the milk sampe, the experimental procedyre is the same as for
L salbd bt dn aligueot ol &0 mL of & sam e solulon was pipetied
it the donor chamber instead.
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1 dewn Il M - 1 Suciiom ol the camer imo Lae
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il
3 down rgsl if 3 A Axpratnn of the dervatimeg soblstmn (HR] inin dhe Boldieg onil
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25, NPLC memsrementy

A reversed-plase HPLC method [ 6] was employed a5 2 com-
parison method. Mylon membrane (er (0.45-um, Sigma-Aldrich,
USA] was used throughoot. The steps for the sample preparation
were a5 follows: 03182 ¢ of CARA-supplemented powder was
dissolved in 250 ml of DI water, The solutbon was centrifuged a
1500 rpm for 10 min {Spectrafuge™ Model 6L, Labnet Intemational
Inc, MJ, ISAY and the supernatant flered For the germinated
brown rlce, 02534 g of ground sample was added o 800 pl el 700K
{wiv] ethanol. The solution was vortexed mixed |[Vortex Genie 2,
Scaemtific Inchustries, Inc., NY, USAD for | min & ambient tefripers-
ture anid then centrnfisged at 14000 rpm (4 °C) for 10 min | Kubota
T micro refrigerated centrifuige, Tolom, Japan] and the super-
natant filkered. For instant green tea powder, L0827 g of sample
was infused with 1000 mL of water (68 “C). The solution was
coded down to the amibient temperature prior o being fiered. For
CABA-enriched milk, 4.0 ml. of the sample was acidifisd by adding.
25 mlof 3% {v/v)] scethc ackd [RCH Labscan, Thailand . The solution
wias vortexed and kept for 15 min before cenirifuging at 1500 rpm
For 10 min, and the sapeErmadant loersd

Baich wise derfvaiization was performed by pipeiting either
L0 mil. of GABA standard solution o the final ftered supernatant of
asample intod S0-ml glass vial, Aliquots of 0.6 il of borate e
{pH 8.0} and 20 mi of HN (095 wiv in mechanol were added. The
sollution wasvortexed amd hegred at 80.°C for 10 minusing 3 heated
bath (IEA™, C-MAG, H57, KL Malaysia). The mrixtiare was cooled
dewn befire adjusing 1o the fnal volume of 100 mlL with meth-
anal, The solution was injeced into the HPLE systen [Warers,
maxdel 486 with UV detectos) using the following corditions: in-
Jection valume of 5 el guard doalumn (CIE, 20 mm « 389 mm i),

cal cnlumn (Phenomenes C1& 150 mm = 46 mim Lk, 5 pm

chel, rn:hhplnu of methanol-water' at 6040 (v at lhow
rate of 1.0'ml min lﬁn:rm:mmurdltﬁeﬂhnmﬂu‘;hd"
T3 nm

3. Hesubts and disovssion
AL Destgn of bhe homemade 30 printed diagfsts v

i 1A and B are the photograph and schematic drawing of the
hamernade 30 prﬁ-[tmg dinlysis unit,
mﬂuﬂwhymmnmﬂmmmnmuw}.tl]dlmt
Broaly, i) the stainlest steel shovie (in) the dialiss membrane ansl
{ ) the vt ticd. The Yl b screwed on o the body fiar rapid opendng
and closing. This design allows for easy addition of solil o Ngoid
sarnple intn the it

The writ body comprises the cylindricabshaped donor and
acceplor chambers. The donor chamber |8 desigred as having, two
“hathrabs, a5 shotam in 19c: THand &5, Hathiab-1' and ‘Bathiub-2°
are employed for placing the stdinkess stesd sieve and the dislysis
memibirane, tespectively. This siainless sieel sieve iy an importang
component that alkows for direct analysis of solids snge it prevents
macmimoleciles in & matrices from comdacting the mem-
brane. This is confirmed by the SEM images in fig. 14 and B tha
clearty showe that. without the sieve, clogged membrane sudae is
ohwerved This sorongly affects fhe function of the membrans
resulting in decreased efficiency of mass transfes during diakysis.

The unit hid i desgned in a cylindrical configuration bo screw oo
o the unit body but with a cone at the vop (Fig. 1EL There are two
small holes in the cone section of the §id. Hole-1" is used for
inserting a PTFE tube (L1 mm id., 100 mm length) for withdrawing
the dialymate into the 51 system, ‘Hobe-2' serves two purposes: (i} ax
aveniiator for prevending excessive bubd-ug ol pressure esale te
unik during the dialysis process and (i) as the channel lor pipetting

Siopped.
calibrators{ 501000 mg

The amiit ix

the accepior solution ko the undl (Fig 2C) Beneath te cone
section af the lid, there is @ oylindrical wal { Figs. 18 and 151 This
il joives tight ftting of the Eid into the groove of the unit body and
1o press the membrane on fo “Bathisib-Z°. This keeps the membrans
tant and rigid.

32 Omimizetion of comditions of dinlysis process

321, Volune af acceplor solution

in this study, standard solstions of GARA (501000 mg L '} and
Hrittom-Robinson buffer {pH 50 were employed a3 the donor ansd
the acceplar solitions, fespectively, Thi elfect of the voluine of the
acceptor was siudied with the denor volume kept constmt at
Gihmi {the maxirmoam volume in the donor chamber . This valume
ol the donor solition allows the donor snlution to reach the surface
af the ydrophilic membrane m arder for dialysis to take place.
Fig 15 A) shows that the sensitivity (sbope of the calibration line)
rapidly decreases with increasing accepior volome due (o dilition
effect. The highest sensitivity is obtained i 1.5 mi, and this volume
wits selected. Anaccephor volome of 1.0 ml was also employed.
Hiowewver tlse lrvel of the scosplor sobistion was very small, resulting
I i bulsbles being draven inie e S10ow lne when the dialysats
was aspirated leading o distrbance o the derivatdzation and
alhwirhance meanrement,. In principle the acceptor volume of
L5 mL gives & 4-fok! pre-concentrstion fector, This is very welul for
the analysis of the samples contzining very low GARA content.

F22. [hatysis dme ond stiering spesd
Thee dialysis Gime is defined as the time interval from the start of
mirring of the ssmple solution in the donor chamber until it s
The eflect af me was studisd using &0 mL of
GABA) and 1.5 ml of Brivton-Robinson
buaffer {pbl maﬂ:m:ﬂm-ﬂumx respectively.

e resube b i 25(0) show that thesgnsizhiry & bnproved s the
However

diahyses (ime is inereased. sample throughput is reduced.
hammmﬁ;hﬂmmwknm throughpot. a dialysis
e off T4 min was chazsen.

mnl‘rmdmm ‘wasexamined using 6.0 mb of
00 mgl | GABA The i Fre 58C )b that increasing the
ﬂmwm m:mmmu.mshmu the
efficiency of the diabsis process is typically enhanced by me-
chapical stirfing to promote the  comvestive-controlied  mass
transpors: Fvwewer ai the highest serting (2200 rpm), there was
turbulenice of donor seution and Jlsy the magnetic bar was un-
abile vl ealligled with the metabsieve. The speed ol 1700 rpm was
thereRure chosen,

23 Factors affecting dhe derivarizafion reoction

231, Effect 6f pH of the arcepior safition

Smce the reaction between CABA (4 primary amine] and HN {an
aldehyde) s a pH dependent process, a pH range of 1-10 of the
acceptor bulfer selution was investigated, at unit pH intervall The
results iy Fiz 45 A] showethat sensitivity increases sharply Iram pH
ol 18 aml then remaining unchanged from pH 5 o lll:l.j.tluwpl-l.
the smine group of CABA i converied to the ammonium on ansd
becomes non=mrucleophilic. A1 bigher pll, there is nof enough ackd
o prowmnate the lydrocy] group of the intermed iare o allow for the
removal of water (see the reaction mechanism in Fig. 55 for more
tetails: Therefore, a pH of 5 was conskdered suitalsle.

332 Conoernirstion of 2-hydrosy- 1-naphthaldefiyde {HN)

The resslis in Py, 450B) show that the sensitivity is considerably
enlunced by increasing (he concentration of HN from 0.3 10 1.00
{wriv) but does not differ from 3.0 to G0 {wiv), respectively. A5 a
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(A) ‘Without' stainless sieve

g 1 SEM miges of (e ooliti disbisds membmans; [A) vithour and (). with the sraifless sioe! geve aler analyins of ground (4] GABA-supplesumind uhiet and (b)

germimated -brown moe.

oomprmise between the sensitivity and the réagent comstimpeion,
the concentration of 3.0% [wiv] was scheched.

14, Opmuizatton of the 51 dvitem

(34l Aspirmied voline
Thye effect of the aspisated volume of e dialysane s snidied
‘while keeping the volume of HX in the flow-tine fixed af 30 gL The
resubes dn Fop BSEAY Indicate that the seositivity increases slighly
before reaching & platea value ot 25 1L This may be because of
Insufficient amasnt of the devivatizing agent when asing higher
vohune of the diahysate. The aspirated vobhoue of the dialysatel of
25 L was therefone selected and employed i the following smdy.
As expected, the sensitivity signlficantly increases with Increasing
volume of the derivatizing, solwtion. {Feg G50A}. However the
basellne shiff. due 10 a Lyer of the sample zone remalning on thie
window of the fiow-through cell was obsarved at high velume (35
and 40 L), Therefore, the aspirated volunie of the HN solutson was
set at 30 L {with e aspiraed volume of the dilysate of 25 ul)

342 Mixing cail kengih

The results in Fg. G5(8) shows that the use of the mixing coil
150 cm), as companed 0 Juving no ooil, gives higher sensitivity as
the mixing process |5 moreeffident. Howsber the sensitivity de-
creazes when the length of the length was increased due o
dispersion effect; also o longer.coll resubts in a lower sample
throughput. Thiss the mixdng coil of 50 cmlengih was employed in
the final systens

143, Dispensing flow rame
The results in Fig. G5{C] show that at faster flow rates sensitivity

wnily gradually Increases whilst the samgple throsghpat Increases (n
proportion with the flow rate. The flow rare of 150 ul 5~ was

selected slnce. it ‘offers the highest sensitivity and sample
throwghpat. A this A rage, thesample throughput of 64 samples
I Vs adhileved.

35 Amafyticn perfirmimnce

Unider the optimal conditions listed n Table 2, a lincarity range
of 10-1000 mg L' GABA was abtained with reproducilile signal
pinfiles [Fig 154 The detection Bt [350 of blank) is 014 mg L*
which i senditive enoiegh to detésinine the GARA content in distary
supylomens and beverages, However the colorimetric detection
might not be sufficiently sensitive to analbyze low concentrations of
GABA Found in bialogical samples [ 1515,20], In arder fo employ this
developed method for these kinds of @amples, 1 pre-concentration
step may be required

Dsigg the S system, rapid and pepeatable measurements were
achleved [<1.0 min sample ' with high precision (1.2 ERSD, 15
injeetions of 10 mg L™ GARAL Furthermane, the 51 system allows
simucltaneous dialysis of many samples. This strategy provides rapid
imeasurements, which s nearssary for routine application,

Compartsanof this method with other analytical methods in the
linerapre is shows in Falic 15, In Table 15 the methods are cate-
porieed 45 non-dedvatization and derrvatization methods, For the
non-derlvatization methods, it was necessary to use either an
cozyme _eacter |20 or madified heavy metal nanoparticles (che-
mosensnrs] [21)] to Improve the sebectivity. Amongst the derivat-
zation methods which employed HN as the derivatiring reagent
|16—1E] our analytical procedure was simpler and faster. This is
Decause the S aysiem offers automated on-ling dervatization and
measurement. The derivatization reaction was carried oot under
mild condition without heating climinating the problem of air
Isublybes being generated.

The unkque feature of this methad is that with our design of the
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Tavde 2
Semmary &f The optmmizalion sbaly snd the sieied pacsveter vale
Par et Studlisd rangs Sl iodd walise
| Thee diadysis procedure
(L1} Arcepbod volime (mL) 1L3-R0 (£
(L.2] Duahysis heree {man’ 1Lo-I0 50
(1.3 Stiviag spead (igam) 440- K00 THG
| ‘Faoors afecing dervatization reacon
(11} pH of the densvatizing reagent 1o-inn A1)
(2:2) Conventrasion of the derivatizing reapend [ wiv) (TR ] 10
e} Ther 51 sytem
(11} Papamied wilume of dubyale L) H-35 F-]
(1} Aapirmied volume of the devivatizing magent {ul) 10-35 0
(1.3} Lengah ol masting ioil (om| 0—4300 ]
(4] Crinpenwing fow rate (ul sec 7] 25-150 15

I pririted dialysis unit, divect anabysis of solid and Tigusd samples
is possilie without sampls preparation, sxceprgrinding of the solid
samples. This is hamnhﬂlﬁlﬂmiﬂeﬁ stee] sieve inside
the donor chamber prevents chogging of the diakysis membrane by
colkiidal maters, Turbid and coloured Hgquis semples can also be
directhy anatysed,

16, Effects of corxdshing interfenmees

« In this wewk, compounyds that are found htmim;h
|.&.= 4], including milk, rice and tea, sl whick may cuse iser
Ieuﬂh&ﬂith this method, were sslected and mvestigmed using
smgl ' GABA. The takerance limit is the makimum ¢ ancemstation
of the spike:d compound giving fhe meanred deorbance for CABA
wihich deoes not kwubhhnnuﬂmummlhqm
bance value for chie standang 50 mg L * GABA. Asshown in Tabls 3,
The mierance limits for 3 fivestigated interfErences are higher
than mmmﬂmmﬂuhm{ﬂ-’u&m
suggesis that. the dnﬂnp-d. = nat affeciedd by thess

tablets/capsules, grains of germinated brown rice, instant green ted
powiterand CARA-enriched milk Recovery study was first carried
mt.mtuh]ﬂmu{mlﬁmiddpdmm!mmm
donor chamber iogive the spiked concertration of 50 mg L © bt is
uhnﬂﬂhrmh4mumemﬂnmg¢dmm!ﬂdmm
{mean recovery: #5815 This resubi demonstrates that the
uthMBlmeﬁwnsmvlemnﬂ’rd_

The GABA conienls determined using the developed method
and the reversed-phase HPLE, were compared and the results are
“liszediin 1atle 5. The results ave not significantly different using the
Pearsni linear regresion test (= 0.9999)] 25 The CARA contents
_ars comypared to ihe labEl vabes and they are in good agresment.

Tabir &
Cormipasiann o (e ARA lhndiﬁll-llm'rmwnm
tieveioped ) ryviem an the |

ComyEmds. Samply :ﬁl:-]t‘ﬂlﬂ L ALY Lahyed walue
¥, Application (o somple and validerion T wod ) UL method
e Tl T
meﬂhrm##hpdmhﬂhmmmmm , - - ; -
CABA sopplement-T (Caprnle) 5027 =18 A0 = 04 sog"
applisd w analysis of nine samples, incitding CARA-supplamenter.  Cu em (Gpndel 5001 231 AWEL24 W00
GANA sgppbement-5 (T 434 L1 se0z 0
e b et S el e
Trlerande Beriit af (e interfeting compounc, Germinate] o see ]1.;1?5 mg;nl s’
r [r— 1L L |mmmpdn A0 g0l BT g O Fo g
“Whtiioviie Serion, Vs [ “ﬁ;“‘hmﬂ, e
Phestglatinine, T Arpeine, Hirtidine 206 e "1
meuanp., ubamic 2, Vidzmin WL ﬁ ,_rw_ A
lu-ﬂ: wld i - "ﬂ::;'u‘ al
Table 4
Perrenlage rermeery o st GARA 1rens the davelaped 51 spviem
Samgple GARA feareniration in g L || mean + S0, =3 Parcentage encimry (%)
Aaiginal Aaddend Fanuful
GARA poppdermeni- 1] Tablel] o LY o 1453 205 o
AR dpplemant-2 {Capsube] iA e 10 S0 H/A=03 aE
CABA spplersant-3 {Capeike] 027 4+ 05 =0 F523 403 wal
CABA mpplement-4 | 5003 401 ;o 5488 5 0] ]
LABA spplement | {Capsile] TR0 g i L1 BOLT o 04 nlE
LA -enmched malie- 1 1A%z ol S [ B4
CABA ennched malk 2 nsem f-ai] (= B a0
Gbr manaied - beowe rice T 4 OS5 = TLE 03 a2
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4. Conchisions

The new 0 printed dialysis unit was designed and was effec-
tively applied for the direct snabysis af oobid and lhpuid samphes.
sing 30 printing technology, the homemade dialysis unit was
eazily wrnl ropidly Tabricated, By adding 2 stainbess siee] sieve nside
the donor chamber, the problem of e clogghrg ol the dialysis
membrane by suspended particulates or macromolecules in the
sample matrices was sliminated. More than one 30 printad dialyss
unit can be Incorporated with the 5 gystem for simualtansoos
diatysis of many samples. The dialysate from each dialysis unit is
congacitively aspirated into the SIlow-line lor autorated on-line
derivatization and absorbance measurement of the derivatized
GARA, The developed method provides rapic anabysis with high
precision and acouracy,
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Abstract:

In this work, an automated system for devivatization with subsequent determination of
paminobutyric acld or GABA was developed. The system was based on using sequential
injection analysis (SLA) with spectrophotometrie detectien. CABA was derivatized with 2
hyadroocy- 1 naphihaldelyde (6% wiv) in the presence of 101 mol L. borate buffer (pH 8.0},
Pure acetonitrile was ased as carvier. The derivative was momitored &t 425 om which is !il[
i alsor ptif.m wavelengtly, Linear calibration was observed in lhc concentration ran
of 300 1o 2000 mg L T GABA with pood linearily (Absgs =221 x W CABA] - 0.0418, 1
0999}, Increasing in derivalization temperature [rom room temperature w 60C r+1\||Ilm] |11
greater sensitivity. The SIA system provided good precision (RSD = 0.2% at 300 mg 1.
GABAY and good recovery (94-107%). The developed system was applied 0 GABA
supplementad products (1ablet and capsule) and was validaled against batchwise method with
ihe same detection reaction. By statistical paired -test, the results obtained by both methods
were not significantly different at 95% confidence level (t = 027, re = 223, df. = 10}
This imiplies that the system was successfully developed,

1. Introwduction carboxaldelyde {ﬁﬁl}f\ﬁ.}” The separa-
v-Aminobunyric acid {GABA) s tion  dechwigues  are  very  uselul  for
the main inhibitory nevrotransmitter in the determination of GABA in complicated
mnamualian central nervons systen. 1 is matrix  samples wrh as  cerebrospinal
produced fmm glmamate by glutamate fluid” and brain tissue, " For simple matrix
decarboxylase’' . GABA can a!'fecL Various sainple, namely supplemented tablet, non
hioactivities on hwman heath.' * Nowadays, separation technigue such as
there are large numbers. of commercial spectraphotometric  method,  is  more
dietary GABA supplemented products, it tnteresting in term of simplicity and cost -
is therefore imponant (o monitor GADA effectiveness. However in cases of large
concentration for contral guality of the mumber of samples, batchwise method is
products, ol eenwvenience for derivatization  and
Various analytical -merhods  have determination.
been mesemted. for determination of The ainy of this work is therefore to
GABA such as high - performance lut;u:d develop  an o analytical  method  for
clromatography.™ " gas chromato graply'! andonnated derivatization with subsequent
amd  capillary  electroploresis. O was spectophotometric delermination ol
abserved that derivatization was necessary GABA. Sequential injection analysis or
prior to analysis. Derivatizing agents that SIA was selected for method development
were  teporied  such  as,  2-hydroxy-1- since the technigque is regarded as the fully
naphthaldehyde (HN)."  ethyl-chlorofor automated method with the advantages of
mate,'"  (4-carboxybenzayl)-2-quinoline- simplicity and rapid analysis. N was
105
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exploited as derivatizing agent because the
delivatization  procedure  is  simpler,
compared 1 the other |'u.'{:nr:li'~riums.m"2
Factors affecting sensitvity were studied.
Application o GABA - supplemented
samples and validation against batchwise
method were also investigated,

2. Materials and Methods
2.1 Reagent and Sample preparation

All ehemicals  were  analyviical
reagent prade and deionized - distilled
water was used throughom. A HN solution
16 % {wiv)) was prepared by dissolving
15 g of  2lydroxy-l-naphthaldehyde
(Sigma Aldrich, USA} in 25,00 mL of pure
acetonitrile  (RCI  Labscan, | Thailand)
Standard stock solution of 2000 mgl '
GABA (Sigma  Aldrch,  USA) was
prepared by dissolving 0.0500- g in 25.00
mlL of water, Working standards  were
prepared by freshly dilution from the stock
solution.  Borate boffer  {pH E.ﬂ} WS
prepaced by mixing af 001 molL7 borle
acid {(Slgma Aldrich, USA} with (k1 mel
1! potassium ehloride (Sigma Aldrich,
USA).

The GABA - supplesisented
sataples were purchased in retail stores in
Bangkok. There  are —two — forms af
canmmercial preduces which ace lablel and
capsule;  Tor tablet, the  sample  was

grinded. The powder was exactly weighed
(0130000 g} and was then dissolved in 25,00
ml. of water. The capsule was peeled and
the powder was weighed (07600 g}, An
aliquot of 25.00 mL of water was added 10
dissolve the sample. Both kinds of sample
solutions were fltered thieough .22 pm
nylon  {Matienal  Sciemtific,  USA)
membrane filter prior to analysis,
2.2 SIA system and manipulation

A schematic diagram of the STA
setup is shown in Figure 1. The system
consists of syringe drive module equipped
with 12.5 mL Gastight™ syringe and an § -
port multi - selection valve, All devices
were purchased from Hamilion, USA, The
system was sutomatically manipulated by
Anto - pret® software (MKG Company,
Japan), Spectrophitometric detection was
cartied out at 425 nw an Jasco v - 630 UV
visible  spectrophotometer  (USA). The
“Lab  built' heating system is composed
af water bath  with  hot  plate  and
temiperature contal deviee, (Heidalph, MR
1000, Germany) standard and  reapgent
solitions aswell as mixing eoil (nat show
in Figure) ave tomerged into the batl
Systeqn  sanipulation  for - on lime
dervatization with subsequent

determination of GABA s summarized in
Talsle 1.

Carrker

Figure 1. 51A system set up for “on - line" derivatization with subsequent determination of

GABA, Carier; acetonitrile, 5P: syringe pump, HC: holding coil, MY mult

selection

valve, i derivatizing solution (6 % whiv HN in acetonitrile), B: borate buffer pH 8.0 {0.1 mol
LY, S: standard GABA/sample, HS: heating system and D: detector

@ The 2016 Pure and Applied Chemistry International Conference (PACCON 2016)
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Table 1. Uperation sequence of the 514
system for antomated derivatization with
subsequent determination of GABA in a
complete measurement cycle,

Yolume Yabee
[ul)  positicn

Acthon
description

Flosw vate

i {uk sec’)

Aspicare of

sanale to
.. holding coil.
Aspirate af
borate buffer

I )

Asplrate af
derivatzing
solution (o
hodding eail
Propulsion of
reactbom
uxture io
., mixing coil
Incutation at
BT for 5 min

=

A '

fi 4 .SLI-

(st

3. Results & Discussion
3.1 Maximum absorption wavelength of
the derivative,

Preliminary. “off  line’ derivatization
procedure was cartied ol in order 1o stiody
absorption  spectrum — of  the  GABA
derivative {n the range of" 200 to 800 mm_
Resalis in- Frgure  2(a) indicate: that a
maxitun - absorpiion wavelength of the
derivative s located ai 425 nne - This
wavelength wias selected as' a delection
wavelenpth, By batchwise  measurement
linear  calibration  (Figare  2(b)) was
ahtained up to 40 mg GABA L ' with-good
linearity (Absi; = 104 x 107 [CABA| +
3.8 %107 r* = 0.994).

3.2 Optimization of SIA system
3.2.1 Effect of the devivatizing agent
concentration

Effesct of the concentration of HN,
which is the “derivatizing  apent, was
studied from 0.3 10 7.5 % wiv. Resulls are
shown  in Table & When™ the
concemrations were increased from 0.3 10
6 9% wiv, sensitivities were also improved
by approximately two times. However, the
sensitivity obtained by 6 amd 7.5 %6 wiv

107

were not difference. The concentration of
f 9% wiv was selected as appropriaie
concentration,

i3 5 . |
§ [
L ; R -
R L |
F:' e
e R GHL GAEA A0mg LY
| W o —— S GABA 3nmgLt
£ 0 Y = SHEGARA Blmgl)
T Etd GAEA 10img Lt
(L) | Wh, = BELOABA 5 mglt
4 St A GABA | mgLt
.l B
ail a3

'J-Iw:I!-:ri:lgh {mm
Figure 2. (2} Absorption spectra of the
derivatives when 6 %6 (w/vk HN in 0.1 mol
L' borate buffer (pH 8) was used. {h)
Example of linear calibration curve by
batctwise detection.

96

Table 2. Effect of concentration of
derivatizing agenl
HN concentration  Calibrstion equation i
(" Wi
(] ¥=00156x~0.216 0773
3 v=00188% - 0.344 0551
f y=00324%+ 0246 0.097
75 ¥ =003275 + 0689 (.95
3.2.2 Effect of pH

Effect of pH of borate buffer was
studied -at pH 8 9 and 10, Results are
presented - fn Table 3. The highest
sensitivity was achieved when the pH of
the derivatization reaction was kopt at pH
B.0. This might be hecause this pH was
appropriated Tor GABA to become stable
derivative form”. Therefore, pH 8 was
regarded as suitable pH.

Table 3, Effect of pH of borate buffer,

pH Calibmtion equation r

8 y=00311x+ 0216 Q9%
9 y=0085 + 0344 0992
] y = 00076 + 0.246  (0.180

& The 2016 Pure and Applied Chemistry International Conference (PACCON 2016)
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Table 4. The concentration of GABA in commercial supplemented products,

. Concentration of GABA (mg L7}
s Cype abel Batcl wise method SiA

| tnblet bil] 20,9 & {1 G 21,5 & (D03
2 tabilet e | 212 £ 0,001 215 + 0,006
3 tnlilet M 21.3 £ (L0001 1204 0005
4 tablet o] 214 £ (07T 121+ 0003
5 tubiet b1} 214 & (D02 233 + 0006
3] cnpsiile a0 01+ 0,008 03 + 0001

T cnpsitle S00 S0+ 00001 511 £ (002

] enprule SEi 01 + 00009 488 + 00005
9 capsile 750 TET + 00001 T2 + (LS
10 capsile 150 T58 + 00002 TET + (004
11 capsile 750 FES+ 0,0003 T5T & 0.0

3.2.3 Effect of incubation time The effect of emperature  on

Ineubation time is defined as the
period  of time thal the reacted  2omes
between sample and - derivatizing  agent
were  held in mixing  coil which was
immersed  in o heating - bath during
derivatization process (see Figure 1),

Effect  of Incubatlon time was
studied from 1 to 5 min, Resulis  were
shown in Figore 3. When incubation tinme
was increascd, e sensitivily was also
increased. Since the highest sensitiviry was
obtained at 5 min, Mis pericd of e was
therefore selected, This led w sample
theoughput of TT sample b

L= i
"] % puis &
|
=i » X mis
i # 1 i \
LY y
E [

X = ]
E on L= Sis
{ & e

o [, —
|
L
o 16000 20040 I

oneeniration of S0 GARA (mg L)

Figure 3. Fifect of incubation lime on
absorbance reading,

3.2.4 Effect of temperature

108

derivalization reaction was studied by
varying the temperature  from  room
temperature 1o T00Co As the temperature
was  increased,  semsitivily  was  also
tncreased. However, at 70 C, alr bubble
was observed, Therefore, temperature of

971

60 C was chosen as the sultable
Teqreralure,
i
i FTT T
i
e i
TR
E { 5 1005 g
e 1L
PR a
2 3| “_h_.:':.-q’_ 4-......| b i I'
[T ] | 14
o ! Y | | F
g9, m B
o Ay W £ B0
Thaw (wre)

Figure 4. Typical SIA peak profiles for
GABA standards (0-2000 mg L' GABA).

3.3 Analytical performances

Analytical  performances  of  the
developed method were studied and were
sunumarized s the following. At the 300
mg L Yof standard GABA, RSD was lower
than 0.2 % and S1A profiles were shown in
Figure 4. These signals gave high
reproducibility.  Limit  of  detection
(yp+3Seh"" and limit of quantification
(y+ 105} were obtained at 10 and 347 mg

& The 2006 Pure and Applied Chemistry Infernational Conference (PACCON 2016)
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L' respectively, Analvtical recoveries 5, Gepazzani, A. I Stomati, M.; Bersi,
were found from M+ DUAHG o 107 + . Luisi, 5. Fedalti, M. Santuz, M.
DO % These results demnstrate that Lsposite, G Petaglia, I Genazzani,
our  method gave high precision  and AR Endocrinod, Inves: 2000, 23,
ACCUTACY. 626-532.

3.4 Application to GABA -supplemented 6, Vescovi, P. P Volpt, R Colro, V.
products Alcohol 1998, 16 320328,

The developed SIA  system was T. Menzies, |. B. W Ludwig, M. Leng,
applied 1o determine the CABA content in G. I Newroendocrinal. 2000, 22, 585-
GABA - supplemenied taldet and capsuls: h02.

Resulis are shown in Table 4, I was B, Reisi, P Alaei, H.: Babri, 5. Sharifi,
observed  that  the  results  were ot M. R.. Mobaddes, G.; Soleimanmmejad,
significantly difference from the resulis I Rashidi, B. J Res Med Sci 2000,
ohtained by batchwise method, at 95 % 15, 172-174.
confidence level (g = 0276, = 2230 9, cKhuhawar, M. Y. Rajper, A. 1. [
There results imply that the method was Chromaiogr, B2003, 785 4113-414.
successfully validated. 10, Clarke, Gy O'Mahony, 5. Malone, G
Dinan, TG Nenrosci, Met. 2007,
4, Conclusion ]

In this work, - am on line 11 Maini, M.: Can, P. J Chromarogr. A
derivatization. systemn with  subseqguent 1995 71, 303308,
spectrophotometric  determination  of 12 Bergguist, |.; Vona, M. ). Stiller, C.
GABA was successfully develaped. This 0 & Connar, W. T, Falkenberg, T
method  gave good preciston  and  pood Ekman, R. /. Nevrosed, Meo 1996, 63,
accuracy. The method was also applicable 3342
for determination of CABA i GABA 13, Miller, J. M., Miller, |. C. Statistics and

stpplementad tablen and capsule.
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Flow injection system for detection of albumin based on gold nanoparticles-

catalyvzed luminol chemiluminescence

Bhoonnarasa Kasetsoontom, Nathawut Choengehan'-

[Flaw Tavation-Research fiv Sclence and Tectwmology Labovatovies (FIRST Labsl,
“Dreparinient of Chemistiey and the Applied Analvtical Chemisiry Research Unidl, Facully of Science,
King Monghut 's institute of Technology Ladbrabang, Banghok 10520, Thailand
E-marl: B kasersoontomi g gmail oo

This work presents a simple Dow mjection (F1 syvstem for the determination of albumin
based on chemiluminescence (CLY detection. Gold nancparticles (AulNPsj-catalyzed luminol
CL were employed as the detection reaction: In the presence of albumin, aggregation of the
AuMNPs was induced and this inhibited the CL light caused by the luminol-H:(0h svstem. The
AuNPs were svnthesized using the Turkevich's method. Surface plasmon peak of the as-
prepared colloidal gold was located at 520w TEM image showed that monodispersed
nanoparticles were observed (average size: 18,4 + 0.04 nm). The AuNPs were off-line mixed
with the standardsample for 10 min. Aliguots of 500 uL of the mixed solution and 400 pl. of
001 mol T Tuminal in0.1 mol L NaOH were injeeted into the FI manifold. A detection Now
cell was desigmed as spiral configoration and was attached m front of the photomultiplier tube.
This flow cell was fabricated quickly and casily using three-dimensional printing technalogy.
Increasing in-the conceniration of albumin resulied in decreasing in the CL intensily,
Calibration plot was observed from the concentration range of 0.1 g0 70 mg albumin L7 with
good Hncarity (7 > 0.99) The detection limit was 0,05 mg L' (38D/slope) with a relative
standard deviation of 0,57 %o, High sample throughput (66 samples h'') was also achieved.

1. Introduction exploited as a  catalyst  for the

Kidney disease is a global health
problem, Urinary albwmin excretion is one
ol the important key  parameters  for
diagnosis. of kidney dysfunction.™ Many
analviical méthods hased on  varions
detection principles have been presented for
the determination of albumin such as
speetrophotontetry.”  resonande light
scattering ™ voltaimmetry,®  surface
plasmon resonance,” surfice enhanced
Raman spectroscopy.®  near . infrared
r:ﬂcptm}c: :i]'u:drc‘nﬁunp'_-,‘i' ;md
lluﬁmd:né’tfy.'n

Nowadays, gold nanoparticles (Au
MP=) are probably the most outstanding
metal  nanoparticles.  bhecause  of  the
advantages of chemical nertness, easy
modification. simple control of particle size
and high extinction coefficient. There are
some works report that the AuNPs can
easily form conjugates with bovine serum
albumin  (BSAYYY via electrostatic
interactions.'*" The AuNFPs can be also

chemiluminescende (CL) reactiom ol the
lurmina-H200 system, !

In this work, we aim to employ the
AuNPs-calalveed CL. reaction between
luminel-H:(: for the determination  of
albumin i _urne by [low mjection (FI)
technique, In the presence of albumin,
aggregation of the AuNPs is occurred and
then the CL light is ihibited. The three-
dimensional {313) printing technology’™'"
was emploved for comstruction of the spiral
Mow-through cell doe to its single-step and
fast fabrication,

2. Materials and Methods
2.1 Rengents and chemicals

All stundard and reagents were of
analvtical reagent prade. Glassware were
soaked in 10 % (viv) of HNO: and rinsed
with distilled water prior to use, Deionized-
distilled water (18 ML -em) purified by

£ The 20000 Pure and Applicd Chemistry International Conference (PACCOMN 2000)
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Zeneer up 900 (Human corporation. LSA)
was used through all experiments.

An albumin standard stock salution
(1,000 mg L") was prepared by dissolving
0.1002 g of solid powder of bovine serum
albumin. BSA (Thermo Fizher Sciemtific.
USA) im 1000 ml of waler and was
adjusted 1o pH 6.0 with .01 mmeol 171 HOL
This standard stock solition was Kept at 4
C. The working standard golutions (0.1 to
70 mg albumin 1Y) werc appropriate
diluted from this stock solution with water
and were adjusted to pkl 6.0 The working
etandard solution: were left ovemight to
ensire complete protein dissolution. A
1.6+10 % mol L stock solution of luminol
sodium salt was prepared by dissolving
01772 g ol Tuminol { Sigma. TSA )Y in 1#L0
ml of (.10 mel L' NaOH: (.15 mal L of
H#» was daily prepared by dilution of 3.83
mL of 30% (v/v) HaOn ( Merck, Germany)
and made up with waler to 250.0 ml.
2.2 Synthesis of AuNPs

The AuNPs were prepared by the
maodified procedure of the Turkevich’s
method ™ - Aliquot of 100.0 ml. of 1 mmol
LY chloroauric  acid  (HAGCL-Ha)
iSigma-Aldrich, USA) was heated 1 95 “¢
and stirred vigorously. Then, 7 ml of 38.8
mimol [ oof migodium citrate  solution
iSigma-Aldrich, Japan) was immediately
added. The color of the sclution was
changed from pale yellow 1o deep red. This
mixture was further boiled for 10 min and
was cooled 1o room temperatire. The as-
prepared AuNPs colloidal was kept at 4 'C
overnight before using
2.3 Sample preparation

Uritte samples were collected from
healthy voluntesrs. After filtration through
i (.45-pum cellulose membrane filter, 5 mL
of sumple was pipetted mto a 10,0 ml,
volimetne ask and made up with water
prior to mjection into the FI system in
Figure 1.
2.4 I'l system

The developed Fl system for the
determination  of  urimary  albumin  is
presented in Figure L PTFE tubing (1.0 mm
id. Cole Parmer, USA) was used. An
Ismatec™ peristallic pump (model [S7610,
Switzerland) depicted as P, was used for
Iiguid delivery. Two 6-Porl valves (model
V430, USAYL V) and Vi, were used for
ijection of Tuminol and a mixed solution of
AuNPz and standard albumin or wrine,
respectively, The 3AD-printed spiral flow
cell (F) was attached in fromt of a PMT in a
Jasco spectroflucrometer (model FP-8200.
Japan) for monitoring of the emitted light
itensity at 425 fm.

Acvolume of 400 oL of luminel (1 x
107 mol L) was injected via V) into the
stream of 0.3 mol L' of MaOH and Nown
o merge: with the HaOs stream.  The
standard albuminisample (200 pl.) was off-
lime pixed with AuMNPs (2000 pl) for 10
min. The mixed solution {500 pl) was
imjected trough Vo,

0, —
NaOH —=

M0 et

il miin

Figure 1. A schematic diagram of the
developed FI system for the delermination
of albumin based on the AuNPs-catalyzed
reaction  “befween  uminol-Hz0p P,
peristaltic pump. V; 6-Port injection valves,
F; the 3D-printed spiral flow cell (& of
spiral: 350mm) and [3; spectroflucrometer,

3. Results & Discussion
3.1 Characterdzation of the AuNPs

£ The 20000 Pure and Applicd Chemistry International Conference (PACCOMN 2000)
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Results by transmission  electron
microscopy (TEM) image in Figure 24
show that the menodispersed and spherical
nanoparticles are observed (average size:
184 + 004 mm) Maximum absorplion
wavelength of the as-prepared AuNPe is
located at 3200 nm (Figure 2B) These
results  are agreed with the literature
rermﬂ.” TEM mmage i Figure 2C reveals
that aggregation of AuNPs anthe presence
of albumin is oceurred, - This results in red
shift of the absorption spectrum of the
AuMPs as shown in Figure 210

AuSPs
S
(A = 11, !
' " o i f'; | l |
. w70 101 T ,
8 il T S 9
e L
= : R4 LA M
\ F[v.l{"ill;l"iii'l
m) [ L0 |
1 P oy )|
| Vs 0 ‘i
b !
] s |
o ¢
- H. I—'ﬂ -I

Figure 2. (A) and (1) are TER image and
absorplion spectra of the prepared AuNPs,
respectively, (€ and {1V} are TEM image
and ghsorplion. spectra. of AuNPs in the
presence of standard albumin (50 mg L),
respectively. The inset picturss of (B) and
(D) are the observed colors of the AuNP=
solutions.

3.2 Aggregation of Au™NPs by albumin
Albumin can simply bind on the
AuNPs surface through the displacement
mechanizm. where the stabilized citrate ion
around the nanoparticles can be displaced
by B5A upon adsorption, with the amino
acids { functional groups) Iysme ( amine),
histidine (imidazole ), and cvsteine { thial )™

After  binding. the AuNPs beeame
aggrepate.  Figure 3A  indicates  that
increasing in the concentration of altwmin,
mduce aggregation of the AuNPs. The color
of the AuNPs solutions are changed from
red to dark blue (Figure 38). This confirm
that the formation of  AuMPs-albumin
conjugate 15 oocumed,

T
(L] (& 1]
LR T bl | m e el —
i - i—
-;l':" - |—-I--u-
..‘- i |
a*llllllw
£
-E]-
ﬁﬁf?ﬁi?h
14 e
= ——
"
Ees ma et i ™
Wasgheugih (g

Fignre 3, (A) Ahsorption spectra and (1)
the color ofthe AuNPs (838 nmol L) with
varions concentrations of standard albumin
(001 o 70 mg 1),

3.3 Catalytic effect of AuNPs on the CL
reaction hetw een luminol amd H20;

Results in Figure 4 indicate that
when  the econcentrafion of AuNPs 1%
mcressed, the CL  imtensity is  also
incremssed, This'is an evidence thal the as-
prepared - AuNPs ‘can catahyze the CL
reaction of luminol and HaOn.

4]

1

Tnilcnairy (m.a)
E

in |
4
i ie) (dy H' |
“.“.I'I-\"..r-'..._'"'I' |||| 1
W S8l (1) 1518 ]:lll: I!';HI
Time {se)

Figure 4. Signal profiles. oldained by
imjection  of various  concentrations  of
AuMPs into the developed FT in Figure 1

£ The 20000 Pure and Applicd Chemistry International Conference (PACCOMN 2000)
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Cad 0, by 059 % 107, (o) 1.42 x 10°%, (d) 2.57
%107 (e) 4,30 % 1077 (1 %38 % 107 and (2)
9,72 % 107" mol L

3.4 Effect of incubation time

Incubation time is defined as the
period that the mexed selution was kept
aller standard albumin and AuMPs were
mixed, This effect was investigated hy
various concentrations  of  AnNPs while
standard albumin was fixed at 10 mg L
Results in Figure 3 imply that when
mcubation  time 15 increased. | fhe
ahsorbance  ratio  (Aga'Asw) 08 also
increased. The ratio s not significantly
different after 10 min. Therefore, 10 min i
selected.

15

i

Aderheniy {uu) ik e b
]
L]
1
4

3
\_

Thime (imin ]
Figure 5. Effect of incubation time.

3.5 Optimization of F1 system
3.5 Effect of sample volume

The elTect of the sample valme
{the mixture between AuNPs and siandard
albuminawiney  was studied when  the
volune ol luminol was fixed a0 pl.
Results: in Figure 6 indicates that the
zensitivities areincreasad when the volume
are increased from 100 to 50HF ul. The
sensitivity was decressed at higher volume.
The doublet peak was also observed at 600
pl. The injection volume of 500 ul was
therefore chosen,

Sensitividy (5 100

0 i Me Wm  me Mm  mm T
Sample valume (L)
Figure 6. Effect of sample volume

3.5.2 Effect of flow rate

Effect of flow rate was studied from
1.0 to %0 mL min'. Resultz in Figure 7
show that increasmg in the flow rate results
in increazing i the sensitivity and the
throughput. However, at 3.0 ml min”, the
sensitivity was decreased. The flow rate of
2.5 mlimin was selecied as compromising
hetween the sensiivity afd the throughpait,
By this flow rade the throughput of 66

samples h'was achieved.
i -
>
i b1 1i i
= L ¥
2 N4 :

g o3 4 ; L » g
; Pl 2
i g i

i n

llﬂ -'[ |:’ | pL3 1 |.'".

Flaw pwir jral. mide ! §

Figure 7. Effect of flow rate,

3.6 Analytical performances

£ The 20220 Pore and Applied Chemistry International Conforence {PACCON 2020)
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Under the optimal conditions, the
examples of signal profiles and linear
calibration with its commesponded  linear
equation (0.1 10 70 mg L' albumin,
Itensity = -17. 1[Albumin| + 6976.3, ¢
0.992)) were olained as demonstrated in
Figure 8B, Good reproducibility (RSD:
0537 %, n=10a 30 mg L1 albuminy and
It of detection (38T slope) was obtaned
at (.05 mg L

150408 Er—————
1Al - i
12008 4 i )
5 |
2 uam
g Ny
E o !- m |=;|
A
Jﬂ
¥
n
I'Imlml

Figure 8. (A) An example of the signal
profiles. of the calibration: - (a). luminol-
HzOy without AuNPs and (b)-{g) AaNPs)-
catalyzed luminol-Ha(d: CL in the presence
of standard albumin concentration of (. 0.1,
10, 30, 50, and T0mg L7 vespectively and
(B) the coresponded linear calibration
CLIrYE:

3.7 Application to urine samples

The ! developed F1- system was
applied to the spiked uring, from nommal
volmtegrs, Good recovery was obtained
(95,7 to 101.1 5} as shown in Table 1.
These results can guaramtee That the method
was free from the sample matrix effect.
Table 1. Percentage recovery of albumin in
uring samples, evaluated by the developed
method.

Albumin senesniration (mg 1,7 [
Sampde : ;
Original ~ Added  Found  Recovery
1314002 141 23 44047 1011

LB 5= 28 981
239017 o7
25 0007 Q82

I

2 B =002 1]
3 1.3=H001] 1
4 15 202 11

4. Conclusion

This work presents a simple FI for
the determination of albumin in urine based
on CL o detection.  The method was
successfully developed and was possible
for the determination of urimary albmin,
The method also gave high precision and
high accuracy with high throughput,
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