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pyrene boronic acid (PBA) formed intermolecular assembly in the presence of
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designed histamine sensor, consisting of histamine blue (HB) loaded in nanoporous
silica modified surface by fluorescein isothiocyanate (FC). The result showed that
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Chapter |

Introduction and literature reviews

Biogenic amines are biological molecules compose of amine group in their
structures which can be functionally classified in two groups. The first group composes
of catechol group in the molecules ( such as dopamine, epinephrine and
norepinephrine) called catecholamines (Figure 1.1) which can be found in a variety of
central nervous system functions [1]. Thus their malfunction directly relates to central
nerve diseases such as Parkinson’s disease [2]. The patient has a low concentration of

dopamine in the central nervous system as a result of the death of dopamine-
generating cell. Hypertension or high blood pressure results from the high level of
epinephrine in the central nervous [3]. The second biogenic amines group composes

of imidazole group in their structures to participate enzyme catalyzed reaction. For

example, histidine is an essential amino acid for growth and repair of tissues in humans
and other mammals [4-6]. However, the high level of histidine caused by deficiency of
the enzyme histidase leads to histidinemia disease [7-11]. Moreover, Basophils bacteria
can decarboxylate histidine to form a toxic compound of histamine which is an
indicator of freshness of seafood [12, 13]. Consequently, the quantitative detection
and discrimination of biogenic amines are very important for clinical diagnosis and food

industry.
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Figure 1.1 Structure of catecholamines

In general, catecholamines have been detected and discriminated from the
other biogenic amines by electrochemical technique due to the favorable redox

properties of catechol group [14-17]. For detection of histamine and histidine, the
chromatographic methods are commonly available for analyzing their concentrations
[18-21]. However, there have been only few reports regarding to optical technique for
analyzing biogenic amine. Consequently, this research aims to design molecular
chemosensor and create new strategy for biogenic amine detection by using
fluorescence method.

In order to increase quantitative detection and discrimination of biogenic
amines, the technique of Fluorescence Resonance Energy Transfer (FRET) will be
applied to sensing purposes. The mechanism of FRET involves an excited energy
transfer of donor chromophore to a nearby acceptor chromophore in a non-radiative
fashion through long-range dipole- dipole interactions. Thus, the energy transfer
requires the overlap of donor emission spectrum and reabsorption spectra of acceptor
chromophore (Figure 1.2) and the chromophore molecules concerned must be in
close proximity (10 — 100 A). Moreover, the approximately parallel transition dipole

orientations support energy transfer [22, 23].
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Figure 1.2 Schematic representation of the FRET spectral overlap integral [22, 23]

Concerning about catecholamine molecular sensor, the molecular sensor
normally composes of the receptor unit for both ortho-hydroxy (or catechol) and
amine group regarding chemical structure of catecholamine (as show in Figure 1.1).
The receptor for ortho-hydroxy commonly uses boronic acid because it can form
boronate ester under the optimal pH condition [24]. In the second receptor for amine
binding, the aldehyde moiety is normally used to form schiff-base with primary amine.
Notable examples reported by Secor and co-workers [25] included coumarin derivative
containg boronic acid and aldehyde group as a selective sensor for catecholamine

(Figure 1.3).
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Figure 1.3 The molecular sensor based on cumarin derivative for dopamine

detection [25]
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Moreover, Jang and coworker synthesized the anthrancene fluorophore bearing
boronic acid and aldehyde group as a fluorescence chemosensor for catecholamine
as shown in Figure 1.4. Both reported that sensors bind to catecholamine by forming
an iminium bond with primary ammonium moiety as well as a boronate ester with
catachol moiety. However, the results cannot clearly distinguish type of catecholamine

such as epinephrine, dopamine and norepinephine.

QH 0
B~oH HO B, @
CY T, 0~ A
N 0 i N N
) A=
H

Figure 1.4 The molecular sensor based on antrancene derivative for dopamine

detection

In the case of histamine and histidine chemosensor, the metal complex is
normally applied to detect via ligand exchange process. Actually, Ni** [20] and Cu?
[26, 27] can be used to form complex with histidine and histamine with a high

association constant. If the metal binds to chromogenic ligand with lower association
constant value, histamine and histidine will replace and induce the change in optical
properties. For example, Seto and coworkers [28] reported the Nile Res derivative
which contains an iminodiatetic acid as a binding unit for metal. This sensor complexed

with Ni?* and Cu®* exhibited a high lipophilic character in aqueous. In the part of
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sensing of biogenic amines, the fluorescent spectra of Ni*" complex gave a higher
selectivity for histamine than Cu?* complex. Compared to other biogenic amines, the

Ni** complex showed significantly spectral change to histamine (as show in Figure 1.5).
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Figure 1.5 Selectivity of copper and nickel complex for histamine (A) Molecular
structures of the biogenic amines tested. Fluorescence responses of copper complex

(B) and nickel complex (C) to various biogenic amines under excitation wavelength at

600 nm [28]
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In the case of histidine sensor, Wu and Yan [29] reported a turn-on
photoluminescent sensor for histidine based on Ni**-modulated homocysteine-capped
CdTe quantum dots (DQs). The high affinity and stable complex of histidine with Ni**

in aqueous solution enables Ni** to dissociate from the surface of CdTe QDs. This

process induced the change in photoluminescence of CdTe QDs as shown in Figure

1.6.

hv hv
COOo CCO; COO
NH; 24 HfN‘:t\ ) H, 2+
@ Ni @ /,Z,le* + Ni“"-His
NH; N;N"‘-" NH,
coo coo’ coor
High PL PL quenching PL recover

Figure 1.6 Schematic illustration for the signal transduction mechanism for the

developed turn-on photoluminescent sensor for histidine based on Ni**modulated

homocuteine-capped CdTe QDs [29].

For the application of molecular sensor in biological system, the high selectivity
and low detection limit for target analyst is required. Therefore, the fluorescence
technique is widely used due to a high sensitive method and a low concentration for
detection[ 30, 31]. However, the fluorescence signal from biological system can
interfere the measuring of analytes. To overcome this problem, the FRET is applied for
detection [32-36].

The development of molecular sensor to be a device in functional simple and

inexpensive platforms for reproducible and rapid quantitative assays of analytes in
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variety of environments is a challenge for scientist. The key of quantitative assay should
be inexpensive, be easy to operate, and provide rapid and high precision without the
requirement of specialized electronic devices to measure the output of the assay. To
achieve this goal, measurement of time is performed by using a time. For examples
reported by Gregory and co-worker in 2013 [37, 38], demonstrated quantitative assays
based on hydrophobic oligomers- to- hydrophilic switch of hydrogen- peroxide-
responsive. This research applies the switching of water-insoluble poly(carbamate)
oligomers to hydrophilic product (Figurel.7) to fabricate 3D paper-based microfluidic
device for quantitative measurement hydrogen peroxide by time required for an
analyst to pass through a 3D paper-based microfluidic device (Figure 1.8). The assay
gave high selective for hydrogen peroxide based on the reaction between the aryl
boronate with hydrogenperoxide and quantitative of analyst is measured from rate of
depolymerization of oligomer which an insoluble oligomer into water-soluble products

in response to hydrogen peroxide.
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Figure 1.7 Hydrophobic oligomer is used and the depolymerization responses to

hydrogen peroxide [37].
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Figure 1.8 Graphical representation of the device, including the dry reagents that are

included in each layer [38].
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However, the factors of temperature, humidity, and sample viscosity effects
toward sample distribution rates resulting in low precision in this design. Thus Gregory
and co-worker had been developed 3D microfluidic device by adding the control zone
to normalize the affected factors.[37] The challenge of the aim is the control zone
should be similar to assay zone but analyst need to remove out of the sample. Thus
they designed the new device that composed the left-hand channel (the assay region)
in Figure 1.9a. This region was deposited a target enzyme glucose oxidase in layer 3 to
react with glucose analyte and yielded hydrogen peroxide as a product. The control
region (right-hand channel in the cross-section in Figure 1.9b) contains the same
reagents and the same order as the assay region but no deposit enzyme. In this control
region, hydrogen peroxide will not be generated; therefore, hydrogen peroxide will not
be present to react with olisomer. Hence, the time required for the sample to pass
through this control region (and carry the green color to the top of the device) depends
on the temperature and humidity under which the assay is conducted, as well as on
the viscosity of the sample. These factors will affect sample distribution rates in the
assay region as well (the left-hand channel); therefore, this control region normalizes
the output of the assay for the effects of these variables on sample distribution. This
normalization is implemented by measuring the time required for the control region

to turn green relative to when the assay region (the left-hand region) turns green.
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laminate [] hydrophilic paper
substrate and immobilized GOx [} hydrophobic paper
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start the measurement add stop the measurement
when layer 1 turns green sample when layer 1 turns green

(b) * layer:
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Figure 1.9 (a) Photograph of a three-dimensional paper-based microfluidic device for
quantifying active enzyme analytes by measuring the relative time required for a
sample to turn a control region green (right-hand region) relative to when an assay
region (left-hand region) turns green. (b) The left channel is the assay region and the

right channel is the control region [37].

Moreover, Gregory and co-worker [39] also designed quantitative assays that
operate by measuring flow-through time or by counting the number of colored bars
at a fixed assay time as show in Figure 1.10. The device was designed into 8 layers and
16 bars. All bar was deposited the same reagent in each layer but the various amount
of hydrophobic molecule was deposited in layer 3 and layer 5 in each bar. Thus the
flow through rate of analyte would pass layer 3 and 5 in different rate resulting in the

appearance of the green bar on the top layer was different. The number of green bar
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depended on concentration of analyte, thus, this device could be used to determine
the concentration of analyte.

a) Sample In

Hydrophilic paper
HEPES in a paper disk
Layer containing compound 1

Dye in a paper disk
Double-sided tape
Hydrophobic paper

Figure 1.10 a) Digital assays that use a single conduit device to report the concentration
of hydrogen peroxide by measuring the time required for the sample to flow through
the device. b) Analog assays that use a radial paper-based microfluidic device for
quantifying the level of hydrogen peroxide by using a fixed assay time and by counting
the number of bars that become colored as a function of the concentration of

hydrogen peroxide in the sample [39].

However, the olicomers need many steps for synthesis and provide a high

limited of detection in the range of millimolar of analyst. Herein, we describe an
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approach for substantially improving the sensitive model assay by using small
molecule and also reducing the waste from synthesis and saving cost.

In our work, we have paid attention to study the sensing purposes both of
types of biogenic amines and design the microfluidic device to detect Cu** in sample.
The different approaches including:

(i) Molecular chemosensor for catecholamines amines,

(i) Molecular chemosensor for histidine and histamine

(iii) 3D microfluidic device for sensing Copper ions
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Chapter Il

Catecholamine Sensors

2.1 Introduction

Catecholamines including epinephrine, norepinephine and dopamine, are an important
role in number of neurotransmitters. Most of them are involved in a variety of central
nervous system functions thus malfunction of them directly relates to central nerve
diseases such as Parkinson’ s disease and hypertension. Sensitive and selective
detection of catecholamine neurotransmitters have been accomplished using
electrochemical technique due to the favorable redox properties of the catechol.
Regarding to optical techniques, there have been only few reports based on the
chemosensor of catecholamine, particularly, bearing boronic acid and aldehyde for
covalently binding with catechol and amine groups producing the formation of a
boronate ester and an iminium bond of catecholamine, repectively. However, most
fluorescent chemosensors previously reported displayed chelation- enhanced
fluorescent quenching (CHEQ) effect upon adding catecholamines. Concerning the
discrimination of the kind of catecholamines, many reports regarding to fluorescent
chemosensors exhibited a non-specific binding among epinephrine, dopamine and
norepinephine. None of fluorescence chemosensors for catecholamine sensing
showed the fluorescence performance regarding to the Fluorescence Resonance
Energy Transfer (FRET) process. This approach alerts us to develop the fluorescence
sensor for a highly selective detection and discrimination of the different kind of
catecholamines (such as dopamine, epinephrine and norepinephrine) under the
significant emission changes via FRET process upon the intermolecular self-assembled
reaction. The intermolecular self-assembled complex is expected to offer the
promising advantages of reducing the complicated design and synthesis of the
fluorescence compound containing both donor and acceptor fluorophores. Herein,
we demonstrated the conceptually self-assembled complexation between coumarin

aldehyde (CA) and pyrene boronic acid (PBA) with catecholamine as a guest linker
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2.2 Experiment
2.1.1 Materials

All reagents were standard analytical grade, purchased from Fluka, Sigma-aldrich,
Merck and TCl and used without further purification. Commercial grade organic solvents
such as dichloromethane, hexane, methanol acetone and ethyl acetate were distilled
prior to use. DMF was dried over CaH, and freshly distillation under nitrogen. Thin layer
chromatography was performed using Merck silica gel 60 (70-230 mesh). All solvents

were freshly distilled before use.

2.1.2 Synthesis of Coumarin aldehyde (CA)

,©:CHO 1)CH (COOCH) ,@L/l F’OCl mCHO
/jl OH )1 0”0

2)HCVA<:OH

CA

Figure 2.1 Synthesis pathway of CA

Coumarin aldehyde (CA) was synthesized according to the literature method
[40]. Diethylmalonate (13.0 mL, 85.5 mmol), 4-dimethylaminosalicylaldehyde (8.236 g,
42.62 mmol), and piperidine (4.2 mL, 42 mmol) were combined with 120 mL absolute
ethanol in a 250 mL round bottom flask equipped with a stir bar and condenser. After
refluxing for 8 h, the solution was cooled to room temperature and the solvent was

then removed by rotatory evaporator. The crude product was dissolved in 50 mL
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HC/AcOH (2:3) and returned to reflux for 12 h. After the reaction complete, the
mixture was cooled to room temperature and the ice was then added in to the
solution. The solution was filtered and the solid was washed with water and then
followed by extraction with CH,Cl, for 3 times. The organic layer was combined and

solvent was removed by vacuum to yield a brown solid. 47 ¢ (85%).

2.1.3. Complexation studies

2.1.3.1 Fluorescence studlies of pyrene boronic acid (PBA) sensor with
biogenic amines

Typically, 0.5 M HEPES buffer (pH 7.4) containing 100 mM Na,S,03 was prepared
in Milli-Q water with sodium chloride as supporting electrolyte. Stock solution of 1 x
10 M PBA in DMSO was prepared. A solution of 0.001 M biogenic amines (dopamine,
norepinephrine, epinephrine, lysine, tyramine and glutamic acid) in 0.5 M HEPES buffer
was prepared. The solution of 1 mM NaOH 2 uL was added directly to 2.00 puL of PBA
in a 1-cm quartz and stirred for 2 min followed by addition of the solution of biogenic
and stirred for 1 min. After 1796 uM of 0.5 M HEPES was added to adjust pH of the
solution and the solution was stirred for 1 min. Fluorescence spectra of sensor PBA
and complexation of sensor PBA with biogenic amines were recorded from 350-800

nm at ambient temperature with excitation wavelength of 340 nm.
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2.1.3.2 Fluorescence studies of intermolecular assembly of sensor PBA and
CA with biogenic amines

Initially, the stock solutions of 1 mM PBA and CA was prepared in DMSO. A
solution of 0.001 M biogenic amines (dopamine, norepinephrine, epinephrine, lysine,
tyramine and glutamic acid) in 0.5 M HEPES buffer (pH 7.4) containing 100 mM Na,S,05
were prepared. 2 uL of sensor PBA solution was pipetted into a 1-cm quartz and 2 plL
1 mM of NaOH was added directly to the solution of sensor PBA. The mixture was
stirred for 2 min followed by addition of 60 uL of sensor CA to the mixture and 200
plL of biogenic amine solution was then added. After the reaction mixture was stirred
for 1 min, 1736 pL of 0.5 M HEPES was directly added to adjust pH of the solution and
stirred. Fluorescence spectra of the combined sensors (PBA and CA) and the biogenic
amines were recorded from 350-800 nm at ambient temperature with excitation

wavelength of 340 nm.

2.1.4 Determination of binding constant of PBA with catecholamines

Binding constant was performed by fluorescent titration. For all complexation
studies, the stock solution (1 mM) of guests was prepared in a buffer solution (100 mM
Na,SOs, 50 mM HEPES and 20 mM NaCl, pH 7.4 in Milli-Q water) and the stock solution
of sensor PBA (1 mM) was prepared in DMSO and then was diluted to 1 x 10 M by
the buffer solution. For all measurements, the fluorescence spectra were recorded

under the excitation wavelength at 340 nm, and the emission slit widths of 0.5 nm.



25

The association constants (K) for 1:1 formation were determined from the fluorescence

spectral changes using Benesi-Hildebrand equation [41, 42].

Yo
Y,—Y  K[G]

+C

Where Y, = Fluorescence intensity of host
Y = Fluorescence intensity of host-guest

[G] = Concentration of guest

The plot of Yo/(Yo-Y) versus 1/[G] provided the intercept (Q) and the slope (O/K). Then,

the binding constant was determined by intercept/slope.

2.1.5 Determination of detection limit of PBA and combined sensors toward
catecholamines

2.1.5.1 Determination of the detection limit of sensor PBA with catecholamine

Typically, 0.5 M HEPES buffer (pH 7.4) containing 100 mM Na,S,05 was prepared
in Milli-Q water with sodium chloride as supporting electrolyte. Stock solution of sensor
PBA (1 x 10 M) was prepared in a volumetric flask (25 mL). Fluorescence spectra of
PBA were monitored for 10 times and all data were used to calculate the standard
deviation. The stock solution of guest (1 x 10° M) was added in portions (2-150 mL) to

the stock solution of sensor PBA and then fluorescence spectra of each portion were
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recorded with the excitation wavelength of 340 nm for 3 times. All data were used to
construct the calibration curve for the calculation of the detection limit by using
following equation [43].

Detection limit = Yg + 3Sg (1.2)
When Yg = the average fluorescence intensities of blank (free sensor PBA)

Sg = standard deviation of blank

2.1.5.2 Determination of the detection limit of the combined sensors with
dopamine

Initially, 25 mL of 1 x 10°° M PBA and 3 x 10> M CA solution were prepared in
0.5 M HEPES buffer (pH 7.4) containing 100 mM Na,S,0;. Fluorescence spectra of the
mixture were recorded with the excitation of 340 nm for 10 times. The fluorescence
intensities at 487 nm of all data were used to calculate the standard deviation. The
stock solution of DA (1 x 10 M) was prepared in 0.5 M HEPES buffer (pH 7.4) containing
100 mM Na,S,05 and then was added in portions (2-150 mL) to the 2 mL of the mixture
solution of host. The fluorescence spectra were recorded with the excitation
wavelength of 340 nm for 3 times. All data were used to construct the calibration
curve for the calculation of the detection limit according to the equation 1.2.
2.1.6 Interference of foreign in dopamine detection

Typically, 0.5 M HEPES buffer (pH 7.4) containing 100 mM Na,S,05 was prepared

in Milli-Q water with sodium chloride as supporting electrolyte. Stock solution of PBA
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(1 x 10 M) in DMSO was prepared. A solution of 1 mM dopamine (DA) and 0.1 M other
biogenic amines (lysine, tyramine and glutamic acid) in 0.5 M HEPES buffer were
prepared. The 2 pL of 1 mM NaOH solution was added directly to 2.00 uL of sensor
PBA solution in a 1-cm quartz and stirred for 2 min followed by addition of the solution
of 200 plL of DA and 200 ulL of the other biogenic amines and the mixture were stirred
for 1 min. After 1596 pL of 0.5 M HEPES was added to adjust pH of the solution and
the mixture solution was stirred for 1 min. Fluorescence spectra of sensor PBA and
complexation of sensor PBA with biogenic amines were recorded from 350-800 nm at

ambient temperature with excitation wavelength of 340 nm.

2.1.7 Determination of % recovery of dopamine in urine

Firstly, the synthetic urine [44-46] was prepared as a solvent as indicated in
Table 2.1. The solution of 2 uL of 1 x 10° M PBA solution was pipetted into a 1-cm
quartz and 2 pL of 1 mM NaOH was added directly to the solution of sensor PBA. The
mixture was stirred for 2 min and followed by addition of 60 uL of sensor CA. The
solution of dopamine in various concentrations from 5 -25 uM was then added into
the solution mixture. After the reaction mixture was stirred for 1 min, the synthetic
urine was directly added to adjust the volume of the solution mixture and then the
solution was stirred until the reaction completed. Fluorescence spectra of the
combined sensor (PBA and CA) and dopamine were recorded from 350-800 nm at

ambient temperature with excitation wavelength of 340 nm.



Table 2.1 Composition of synthetic urine[45]

Species Concentration (gl)
CaCl,H,0 0.65
MgCl,.6H,0 0.651
NaCl 4.6
Na,SOs 23
NasCeHgOr.2H,0 0.65
Na,CO, 0.020
KH,PO, 28
KCl 1.6
NH,Cl |
CO(NH,), 25

C4H;N50 1.1

28
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2.2 Result and discussion
2.2.1 Conceptual design

Catecholamines including epinephrine (EPI), norepinephrine (NE) and dopamine
(DA) are important neurotransmitters which have a similar structure consisting of
catechol and amino groups in their structures. Catecholamines are normally involved
in a variety of central nervous system functions thus the malfunction of them directly
relates to neurologic diseases. For example, the deficiency amount of DA in body fluids
is generally an essential indicator for patients suffering Parkinson’s disease in the
clinical diagnosis. However, a critically elevated amount of EPI in the human blood
certainly leads to the increase of blood pressure and heart failure. Furthermore, the
patients suffering in tumors of 20 adrenal glands are found to have the large amounts
of EPI and NE in their blood and urine. Specific detection of each catecholamine
species is a challenge task for sensing purpose. Regarding the optical detection, there
are only few reports concerning the chemosensor of catecholamine, particularly,
bearing boronic acid and aldehyde for covalently binding with catechol and amine
groups of catecholamine species to form a boronate ester and an iminium ion,
repectively. However, most fluorescent chemosensors reported previously displayed
chelation- enhanced fluorescent quenching (CHEQ) effect [47-52] upon adding
catecholamines. Concerning the discrimination of each catecholamines, many reports
regarding fluorescent chemosensors showed a nonspecific binding among EPI, DA and

NE. None of fluorescence chemosensors for catecholamine sensing employed the
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Fluorescence Resonance Energy Transfer (FRET) process as a tool in detection. This
alerts us to develop the fluorescence sensor for a highly selective detection and
discrimination among DA, EPI and NE under the significant emission changes via the
FRET process induced by the intermolecular assembled complex. This conceptual
system is expected to offer the promising advantages not only reducing the
complicated design and synthesis of the fluorescence compound containing both
donor and acceptor fluorophores but also reducing the waste from synthesis and
saving cost. Herein, we demonstrated a FRET-on process induced by an intermolecular
assembly of coumarin aldehyde ( CA) and pyrene boronic acid ( PBA) with

catecholamine as a guest linker, as shown in Figure 2.2.
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Figure 2.2 Conceptual design for sensing catecholamine



2.2.2 Determination of pKa of pyrene boronic acid (PBA)

Prior to verification of the covalent binding affinity of sensor PBA with
catecholamine, the pH profile of sensor PBA should be firstly examined by
fluorescence spectroscopy to indicate the pK, value. The pH profile (Figure 2.3)
revealed the approximately small pK, value of 6.5. The small value of pK, implied that
the high electron density in pyrene ring would stabilize the electron deficient boronic
acid to preferentially rearrange in the sp’- hybidized orbital around boron atom.
Therefore, sensor PBA could be applied to detect catecholamine based on reaction

between sp’- hybridized boronic acid of sensor PBA and catechol moiety of

catecholamine in normal condition (pH 7.4).

Intensity (376 nm)

Figure 2.3 The pH profile of sensor PBA (0.75 uM) at 376 nm in various pH under
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2.2.3 Binding properties of sensor PBA and catecholamines

The fluorescence spectra feature of sensor PBA in HEPES buffer pH 7.4
exhibited a strong emission band in the region of 375-425 nm assigned to monomeric
pyrene species under excitation wavelength of 340 nm. Upon the addition of
dopamine (DA), norepinephrine (NE) and epinephrine (EPI), a large red shift at 451 nm
corresponding to excimer band of pyrene was observed as shown in Figure 2.4. As a
result of the similar emission spectra, it is hypothesized that the reaction between
catechol moiety based catecholamine and sp’-hybidized boronic acid group in sensor
PBA producing the boronate ester induced the excimer emission spectrum of sensor
PBA. Consequently, the similar structures of DA, NE and EPI lead to the similar excimer

fluorescence band centered at 451 nm as shown in Figures 2.4 and 2.5.
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Figure 2.4 Fluorescence spectra of sensor PBA in HEPES buffer solution in the

presence of various biogenic amines.
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1M, (451 nm)

PBA DA Lys Tym Glu NE EPI

Figure 2.5 Relative fluorescence intensity at 451 nm of sensor PBA (1 UWM) in the

presence of various biogenic amines.

To investigate the binding affinity between sensor PBA and catelamines, the
stoichiometry of sensor PBA and catecholamines including DA, NE and EPI were firstly
estimated by Job’s method [34, 53, 54]. The result showed the binding mode at 1:1

ratio of sensor PBA and catecholamines (Figure 2.6 — 2.8).
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Figure 2.6 Job’ plot of sensor PBA and DA monitoring fluorescence intensity at 376

nm under excitation wavelength at 340 nm
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Figure 2.7 Job’ plot of sensor PBA and NE monitoring the fluorescence intensity at

376 nm under excitation wavelength at 340 nm
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Figure 2.8 Job’ plot of sensor PBA and EPI monitoring the fluorescence intensity at

376 nm under excitation wavelength at 340 nm
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Fluorescence titration technique was used to evaluate the binding constant
(log K value) of sensor PBA toward DA, NE and EPI. The result showed dramatically
decrease of the fluorescence intensity of momomeric pyrene with concomitant of an
enhancement of excimer band upon increasing of cathecholamines concentration as
illustrated in Figure 2.9-2.11. From Benesi plot, the log K values of sensor PBA with DA,
NE and EPI were evaluated to be 4.23, 4.10 and 4.35 M, respectively. Considering the
small difference log K values, it is possibly caused by the same reaction between

catecholamine and boronic acid group resulting in the similar binding affinity.
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Figure 2.9 (a) Fluorescence titration spectra of sensor PBA (1 mM) with various
concentration of DA in HEPES buffer pH 7.4 under excitation wavelength of 340 nm
and (b) Benesi plot of sensor PBA (1 mM) with various concentration of DA at the

fluorescence intensity of 393 nm.
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Figure 2.10 (a) Fluorescence titration spectra of sensor PBA (1 pM) with various
concentration of NE in HEPES buffer pH 7.4 under excitation wavelength of 340 nm
and (b) Benesi plot of sensor PBA (1 mM) with various concentration of NE at

fluorescence intensity of 393 nm.
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Figure 2.11 (a) Fluorescence titration spectra of sensor PBA (1 uM) with various
concentration of EPI in HEPES buffer pH 7.4 under excitation wavelength of 340 nm
and (b) Benesi plot of sensor PBA (1 pM) with various concentration of EPI at

fluorescence intensity of 393 nm.
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2.2.4 The intermolecular assembly of sensor PBA and CA

As comprehensive studies on discrimination of catecholamine derivatives, the
proper primary amine sensor should act an acceptor fluorescence sensor whose
absorption band overlaps with emission excimer band of sensor PBA, to sequentially
provide FRET-on process. As anticipated, the fitting acceptor sensor containing
aldehyde receptor based coumarin (CA) was chosen. The reaction between primary
amine and aldehyde receptor produced an iminium ion initiating intermolecular
assembly of donor and acceptor fluorescence sensor via catecholamine as a linker.
The optimization of FRET efficiency for the couple of sensors PBA and CA was firstly
estimated by varying concentration of sensor CA in the solution mixture of sensors
PBA and DA. The fluorescence spectra exhibited a dramatically decreased
fluorescence excimer band centered at 451 nm with a concomitant of the appearance
emission band at 487 nm upon increasing of CA concentration as shown in Figure 2.12.
The FRET efficiency was estimated and the result showed the highest FRET efficiency
at 3 x 10° M of sensor CA as evidenced from the highest fluorescence intensity at 487

nm as summarized in Table 2.2.
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Figure 2.12 Normalized fluorescence titration spectra of sensor PBA (1 uM) with sensor

CA in HEPES buffer pH 7.4 solution.

Table 2.2 FRET efficiency of catecholamine induced intermolecular assembly with
fluorescence sensor PBA (1 pM) and various concentration of sensor CA in the

presence of dopamine (100 puM).

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4

FERT
0.42 0.39 0.40 0.44 0.57 0.73 0.59 0.60
efficiency

In addition, time-resolved FRET (trFRET) was performed to insist the FRET

mechanism. The trFRET spectra revealed that fluorescence intensity of excimer band
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centered at 451 nm rapidly decreased and simultaneously increased in emission band
at 487 nm assigned to fluorescence band of sensor CA (Figure 2.13 and 2.14). This

result is a strong evidence to support the energy transfer mechanism from donor

excimer PBA to an acceptor CA.
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Figure 2.13 Time-resolved emission spectra of complexation sensor PBA (1 uM) + CA
(30 puM) in the presence of 100 uM of DA in HEPES buffer solution pH 7.4 upon the

normalized intensity of excimer band of sensor PBA.
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Figure 2.14 Time-resolved emission spectra of complexation sensor PBA (1 uM) + CA
(30 pM) in the presence of 100 uM of DA in HEPES buffer solution pH 7.4 upon the

normalized intensity of emission band at 487 nm corresponding to sensor CA.

To investigate on selectivity of combination sensors (CA and PBA) toward
biogenic amines, the addition of sensor CA to sensor PBA led to a decrease in emission
of monomeric pyrene band. Upon addition of Lys, Tym or Glu into the mixture of PBA
and CA, the fluorescence spectra were similar to the mixture of CA and PBA. In the
presence of DA or NE, the large quenching of PBA monomeric band with significant
enhancement of emission band at 487 nm assigned to sensor CA was concomitantly
observed. Interestingly, the excimer band at 451 nm was still observed upon the

addition of EPI as shown in Figure 2.15. These result strongly supported the non-FRET
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process in the presence of EPI. As an observation of the emission band at 466 nm, the
combination of sensors provided a high discrimination of EPI from other catecholamine

compounds (Figure 2.16).

800 _
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Dopamine (DA)
Lysine (Lys)
2 Tyramine (Tym)
é 400 J Glutamic acid (Glu)
E Norepinephrine (NE)
Epinephrine (EPI)
200
0 J

400 450 500 550

Wavelength, nm

Figure 2.15 Fluorescence spectra of sensors PBA (1 uM) and CA (30 uM) in HEPES

buffer in the presence of various biogenic amines.
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Figure 2.16 Relative fluorescence intensities at 466 nm of the mixed sensors PBA (1

uM) and CA (30 uM) in the presence of various biogenic amines.

The successful discrimination of EPI stems from the reaction between amine
moieties on the catecholamine side chain with the aldehyde based coumarin to form
iminium species. Only primary amines based DA and NE can react with aldehyde group
of sensor CA. Thus, DA and NE properly act as guest linkers between sensors PBA and
CA and induce FRET-on process from sensor PBA to sensor CA resulting in an
enhancement of emission band centered at 487 nm. The ESI-MS spectrum was
measured to confirm the intermolecular self-assembled reaction of two sensors and
guest as illustrated in Figure 2.17. The intense peak at m/z of 609.97 was observed
which clearly supported the purposed structure of PBA-DA-CA complex as show in

Figure 2.18.
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Figure 2.17 ESI-MS spectrum of PBA-DA-CA complex.
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Figure 2.18 The proposed structure of an intermolecular assembled complex between

PBA-DA-CA.
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Moreover, the fluorescence titration of the combination sensors PBA and CA
toward DA displayed a decreasing in fluorescence intensity of monomeric pyrene with
an enhancement of emission band at 487 nm corresponding to CA emission band
upon an increment of DA (Figure 2.19). The detection limit of DA by this sensory system
was examined from fluorescence titration by monitoring the emission band at 487 nm
as presented in Figure 2.20. The result revealed the detection limit of the combination
sensors toward DA to be 1.41 pM with linear relationship in the concentration range

from 16.7 to 47.4 uM.

800
700
600
500
400

300

Intensity

200

100

- 2 r =
400 450 500 550

Wavelength, nm

Figure 2.19 Fluorescence titration of the combined sensors PBA (1 uM) and CA (30

uM) toward DA in HEPES buffer solution pH 7.4.
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Figure 2.20 Calibration curve of combination probes PBA (1 uM) and CA (30 uM)

toward DA in HEPES buffer solution pH 7.4.

In the case of EPI sensing, the fluorescence titration of the combination probes
showed dramatically decrease in monomeric band of pyrene with concomitant
fluorescence enhancement at centered 451 nm belonging to excimer band of PBA
upon increasing in concentration of EPI as shown in Figure 2.21. The detection limit of
combined sensors PBA and CA toward EPI was examined by following the
enhancement of emission band at 451 nm providing 0. 69 pM with the linear

relationship in the concentration range of 2.0-56.0 uM as illustrated in Figure 2.22.
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Figure 2.21 Fluorescence titration of combination probes PBA (1 uM) and CA (30 uM)

toward EPI in HEPES buffer solution pH 7.4.
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Figure 2.22 Calibration curve of combination probed PBA (1 pM) and CA (30 uM)

toward EPI in HEPES buffer solution pH 7.4.

2.2.5 Applications of Combination sensors PBA and CA toward catecholamine
The combination sensor system (PBA and CA) was applied to be a naked-eye

sensors in aqueous solution and solid support under exposure to the 356 nm UV-
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visible light. The solution of combined probes illustrated sky blue color and was
changed to green color belonging to emitting lisht of CA upon adding of DA into
mixture sensors. In comparison with single fluorescence sensor system (PBA), the PBA
solution in the presence of DA exhibited the blue brightness assigned to the excimer
band of PBA. In the case of sensor CA, the green luminescence remained unchanged

although sensor CA is able to form an iminium ion with primary amine of DA as shown

in Figure 2.23.

LU

PBA+DA CA+DA PBA+CA  PBA+CA+DA

Figure 2.23 Photographs of the solution of sensors PBA, CA and combination of

sensors PBA and CA in the presence and absence of DA.

On the solid support, the mixture solution of sensors PBA and CA was painted
in the word “P”, “C”, “PC” and “PCD” by using a paintbrush. All fabricated paper
were immersed in solution of DA. The result showed green luminescence color of the
fabricated paper with mixture of sensors PBA and CA as labeled PCD upon exposure

to DA under the 356 nm UV-visible light as illustrated in Figure 2.24.
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Figure 2.24 Photographs of the fluorescence images of sensor PBA; P, sensor CA; C,
the mixture of sensors PBA and CA in the absence of DA; PC and in the presence of

DA; PCD.

In addition, this proposed self-assembled complex sensing system was applied
to determine the concentration of DA in real urine samples. The calibration curve of
combination sensors PBA and CA toward DA in synthetic urine was firstly examined by
following the fluorescence intensity at 487 nm in varying concentration of DA. The
calibration curved provided the linear range from 4.97-27.39 pM of DA concentration
(Figure 2.25). Then, the 14.78 uM sample DA was spiked into real urine samples and
the amount of DA was determined from two spike urine samples by using the
intermolecular assembly approach of sensors PBA and CA. The acceptable values of
%recoveries from the spike sample with DA were observed as presented in Table 2.3.

Average %recoveries of the spike samples of DA from the solution of sensors PBA and
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CA were 106.0. This result revealed a good analytical characteristics of the sensor in

DA detection.
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Figure 2.25 Calibration curve of combination probes PBA (1 uM) and CA (30 uM)

toward spike DA into synthetic urine under HEPES buffer solution pH 7.4.
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Table 2.3 Determination of DA in real urine samples from combination sensors PBA

and CA.

15.87 £ 4.44

Amount of DA

experiment
1 14.78 13.57
2 14.78 14.4
3 14.78 18.4

15.46 + 2.58

104.6
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Chapter llI

Histamine Sensor

3.1 Introduction

A poisoning biogenic amine such as histamine (Him) is normally found in a postmortem
of the muscle in fish, such as tuna, salmon. The poisoning compound was easily
produced from bacteria by decarboxylation of an essential amino acid, histidine (His),
consequence the quantity of Him in food is commonly regarded as one of the
biomarker in food quality for monitoring food quantity during food production, storage
and transportation. Ingestion food-borne contains high levels of Him lead to a variety
symptoms including nausea, vomiting, diarrhea, red rash, oral burning sensation and
itching of the skin. For this reason, the United States Food and Drug Administration
(FDA) have established Him index at 50 ppm for fish spoilage based on the assessment
of poisoning cases. The suggested safety levels for histamine content in seafood are
consumption <50 ppm and possibly toxic for human consumption of 50-500 ppm.
Therefore, the analytical determination of Him is an important topic in clinical and
food chemistry.

Due to the prominence of Him level in food safety, an effective separation
technique, such as gas chromatography (GC) or gas chromatography mass spectrometry
( GC- MS) , high performance liquid chromatography ( HPLC is widely used for
determination of Him. However, the aforementioned methods are generally tedious,
laborious, and, most importantly, expensive for routine detection cause the molecular
sensing of Him plays a pivotal role in biochemistry and molecular biology.

Specific discrimination of histidine (His) and histamine (Him) is a challenge task
for sensing purpose, in particularly optical detection. Most of reports concerned the
ligand exchanged sensing approach of metal complexes, especially Ni** and Cu®*, with
Him and following by the UV-Vis or fluorescence spectroscopy. There are very few
reports demonstrating the covalent reaction between ligand and Him or His. Kielland
and coworker have fantastically reported the histamine sensing by the other sensing

mechanism employing reaction of mesoionic acid fluoride or histamine blue (HB) with
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amino acid group by self-catalytic reaction of imidazole group in biogenic amines.
However, most of previous fluorescent chemosensors afford high sensitivity in the
quantitative but nonspecific selectivity for His and Him due to both compounds
comprising similar functional group of amine and imidazole, which provide the same
sensing mechanism.

To obvious discrimination of similar functional biogenic amines, there are a numerous
reports regarding nanoporous silica (NPS) for serving a high selective fluorescence
sensing for biogenic amines. The selectivity stems from functionalized surface of
materials with steric molecules or gatekeeper resulting in a different kinetic reaction of
each biogenic amine. Concerning the discrimination of each biogenic amine, many
reports regarding fluorescent chemosensors showed a nonspecific binding among Him
and His. None of fluorescence chemosensors for biogenic amines sensing employed
the Fluorescence Resonance Energy Transfer (FRET) process as a tool in detection. This
approach brings us to design the donor fluorescence sensor for biogenic amines loaded
into NPS which modify by proper acceptor fluorophore for providing the significant
emission changes via the FRET process. Herein, we demonstrated a highly selective
fluorescence compound for determination of Him by loading HB into NPS which
modified surface by fluorescein dye for preventing an infiltration of His to react with

HB.
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3.2 Experiment
3.1.1 Synthesis of Histamine blue (HB)

HB was synthesized according to the published procedure [55]. Briefly,
TFAA (0.393 mL, 2.78 mmol) and isocyanide (0.253 mL, 2.78 mmol) were added
to a solution of isoquinoline (360 mg, 2.78 mmol) in anhydrous CH,Cl, (5 mL) at
—-30 °C. The reaction was stirred for 3 min at this temperature, and then the
cooling bath was removed and the reaction mixture was stirred for 14 h at room
temperature. A saturated solution of Na,CO; (10 mL) was added and the mixture
was extracted with dichloromethane (2x5mL). The combined organic extract was
washed with brine (10 mL) and then dried over Na,SO,. The silica and Na,SO,
were added to the organic extracts and stirring for 1 h and then were filtered
through Celite. The precipitate was washed with AcOEt, and the collected
filtrates were combined. The solvent was removed under reduced pressure and
the residue was washed with Et,O (10 mL) to yield the product as a brown solid.

The structure of HB was confirmed by 'H NMR spectroscopy. The chemical shifts
(O) values of HB were listed. "H NMR (400 MHz, CDCL,): O = 9.28 (d, J = 6.8 Hz,
1H),804(d,J=84Hz 1H),796(d, J=80Hz 1H),7.83(m,J=7.280Hz1
H), 7.76 (m, J = 8.4, 7.2 Hz, 1 H), 7.56 (d, J = 7.2 Hz, 1 H), 5.31 (s, 2 H), 3.80 (s, 3
H) ppm. *C NMR (100 MHz, CDCls): & = 167.8, 157.1, 152.9, 135.0, 133.3, 131.6,

129.8, 128.9, 124.1, 122.3, 116.6, 116.4, 90.7, 53.5, 43.4 ppm.
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3.1.2 HB loaded in silica nanoparticles (HB-NPS and HB-SNS)

HB loaded nanoparticles was prepared by dispersion 1 g of synthesized
nanoparticles (NPS or SNS) in 5 mL EtOH. The solution of 100 mg HB in 1 ml
ethanol was added in the solution of silica nanoparticles (NPS or SNS) and stirred
for 48 hours at room temperature. The 200 pL aminopropyltriethoxy-silane
(APTEOS) was added in to the mixture and stirred at 60 °C for 24 h. The particles
were recovered by centrifugation at 10,000 rpm at 25°C for 20 min. The pellet
was washed with ethanol and water for 3 times after that the particles were

dried in the air.

3.1.3 Modification of silica nanoparticles (HB-NPS@FC)

To develop the selectivity of a fluorescence sensor, fluorescein (FC) was

modified on the surface of silica by following procedure [56-59]. 1 ¢ of HB-NPS
dispersed in 5 mL EtOH, was added by fluorescein isothiocyanate (1 mg) and the
mixture solution was stirred for 12 h under nitrogen atmosphere and in the dark.
The obtained HB-NPS@FC was centrifuged at 10,000 rpm for 20 min and washed

with ethanol and water 3 times to remove unreacted chemical substance.

3.1.4 Loading efficiency and loading degree
The loading quantification was performed by determining the absorbance

of the samples at 327 nm of HB. The 1 g of NPS dispersed in 5 mL EtOH was

added by the solution of 100 mg HB in 1 ml ethanol. The mixture solution was
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stirred at room temperature for 48 h. The mixture was centrifuged at 25 °C,
10,000 rpm for 20 min. The supernatant was collected. The concentration of
HB was obtained from standard curve of HB. The loading efficiency and NPS

loading degree were calculated using the equations presented below [60-63]:

Loading efficiency (%) = [(initial HB weight) - (HB weigth in supernatant)] / initial HB weight

Loading efficiency (%) = [(initial HB weight) - (HB weigth in supernatant)] / NPS initial weight

3.1.5 Spectroscopic measurement of complexation studies

All fluorescent experiments were measured in aqueous solution which
was prepared by 0.05 M solution of PBS buffer (pH 7.0) in MilliQ water. 200 uL
of 1 mM stock solutions of guests (DA, Lys, Tym, Glu, NE, EPI, His and Him) were
added directly into 2.00 mL solution of receptor (1Img/mL) in a 1-cm quartz

cuvette by micropipette. For fluorescence ftitration, stock solution of guest was

added in portion via micropipette (2-250 L) to a solution of 2.00 mL of sensor
(Img/mL) in a cuvette. After each addition, the mixture was stirred prior to
measurement under the excitation wavelength at 340 nm.

3.1.6 Determination of the detection limit of HB-NPS@FC with Him
Typically, stock solution of HB-NPS@FC (1mg/mL) was dispersed in 0.5 M

PBS buffer (pH 7.0) in Milli-Q water. Fluorescence spectra of HB-NPS@FC were
monitored for 10 times and all data were used to calculate the standard
deviation (SD). The stock solution of Him (1 x 10 M) was added in portions (2-

240 pL) to the solution of HB-NPS@FC and then fluorescence spectra of each
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portion were recorded under the excitation wavelength of 340 nm for 3 times.
All data were used to construct the calibration curve for calculation of the

detection limit.

3.1.7 Determination of Him in fish samples
The fish samples including tuna and salmon were purchased from a local
supermarket and were kept in a refrigerator until analysis. The accurately

weighed amount of samples around 50 g was homogenized with 250 mL of 0.05
M phosphate buffer solution of pH 7.0. The homogenate was centrifuged at 25
°C, 5000 rpm for 10 minutes. The resulting clear solution of 100 pL supernatant
was transferred to a 10 mL volumetric flask and diluted with the phosphate

buffer solution to make the final determination.

3.1.8 Determination of Him recovery
Recovery assay was performed for examining the selectivity by adding the
known concentration of Him into fish samples. Each sample was first analysed

separately with standard Him solution at a concentration of 5.5, 26.5 and 50
ppm. A mixed sample was added into the solution of HB-NPS@FC (1 mg/mL)
then the fluorescence spectra were recorded with the excitation wavelength at
340 nm. Then, the recoveries were calculated from fluorescence intensity at 525

nm by using equation;
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y =385+ 1.7x
When y = fluorescence intensity at 525 nm

x = concentration (UM)

3.2 Result and Discussions

3.2.1 Conceptual design for histamine sensing

Specific determination of histidine (His) and histamine (Him) is a challenge task
for sensing purpose, in particularly optical detection. Most of reports concerned the
ligand exchanged sensing approach of metal complexes, especially Ni* and Cu®*, with
Him using the UV-Vis or fluorescence spectroscopy. There are very few reports

demonstrating the covalent reaction between ligand and Him or His. Kielland and
coworkers [55] have fantastically reported the histamine sensing by the reaction of
mesoionic acid fluoride or histamine blue (HB) with amino acid group by self-catalytic

reaction of imidazole group in biogenic amines (Figure 3.1).
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Figure 3.1 The complexation of HB and histamine (HB-Him) [55]
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However, most of previous fluorescent chemosensors afford high sensitivity in
the quantitative determination but the specific selectivity for His and Him (Figure 3.2)
has been rare in the report due to both compounds comprising similar functional group

of amine and imidazole, which provided the same sensing mechanism as shown in

Figure 3.3.
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Figure 3.2 The fluorescence of HB (1 pM) in the presence of His and Him in PBS

buffer solution pH 7.0.
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Figure 3.3 The possible mechanism of HB reacts with histamine (Him) [55]
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To improve the discrimination of similar functional biogenic amines, we attempt
to apply the nanoporous silica (NPS) for serving a high selective fluorescence sensing
for biogenic amines. The selectivity stems from functionalized surface of materials with
steric molecules or gatekeeper resulting in a different kinetic reaction of each biogenic
amine. Concerning the discrimination of each His and Him, many reports regarding
fluorescent chemosensors showed a nonspecific binding among Him and His. None of
fluorescence chemosensors for biogenic amines sensing employed the fluorescence
energy transfer (FRET) as a tool of detection. This approach brings us to design the
donor electron fluorescence sensor for biogenic amines loaded into NPS and the
proper electron acceptor fluorophore was modified on the surface of NPS resulting in
significant emission changes via the FRET process. Herein, we demonstrated a highly
selective fluorescence system for determination of Him by loading sensor HB into NPS
which modified surface by fluorescein dye for preventing His to react with HB doped

in NPS, as shown in Figure 3.4.
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Figure 3.4 The conceptual of fluorescence sensor for Him detection.
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Deeply considering the molecular structure of Him baring amine and imidazole
in their structure, HB sensor can covalently bind with amine group by the self-catalytic
reaction via imidazole. Thus, only HB sensor can be used to separate among biogenic

amines that contain imidazole from the other biogenic amines (Figure 3.2). Since both
of His and Him have a similar chemical structure containing both of amine and
imidazole in their structure. Therefore, HB sensor could not discriminate the Him from
His. Thus the obvious discrimination of Him and His by HB is a challenge task. However,
the chemical structure of His contains the additional carboxylic acid on the side chain
while Him consist of only amine on side chain. This gave the slightly fluorescence

response as shown in Figure 3.5.

=N NH =N NH
HNrJ/\/ ’ Hl\lrmol‘lz

Histamine (Him) Histidine (His)

Figure 3.5 The molecular structure of Him and His.

The totally different charge of the target molecule bring us to design the
sensory system comprising the charge gate selector on the surface of silicon
nanoparticles. We selected the fluorescein dye (FC) performing both of the acceptor

fluorophore part and gate selector for screening the specific guest through the porous
of SNP. Because FC contains carboxylic group similar to His and the carboxylic group

normally forms carboxylate ion in aqueous solution. We hypothesized that the
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negative carboxylate group of FC could repulsion with the negative carboxylate based
His. Thus, FC might be a filter to screen out His and allow only Him passing through
the pore of NPS. Moreover, the absorption band of FC overlaps with the emission
spectrum of HB-Him complexation. In our concept, the HB sensor acting as the donor
fluorophore part which was loaded into the pore of silica nanoporous. The specific of
Him can pass through the gate selector of FC modified on the surface of SNP and react

with HB loaded in the pore resulting in FRET-on spectrum.
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3.2.2 Synthesis of NPS@FC

48 h RT

NPS

?/O o) CHE/O%/\/\NHZ
N{_\( o
soR >
O W
Histarine Blue (HB) Aminopropyl trietoxy silane Fluorescein isothiocyanate
ATPES (FO)

Figure 3.6 The synthesis pathway of HB-NPS@FC.

The sensor HB-NPS@FC was initially synthesized by loading HB sensor into
nanoporous silica (NPS) by under stirring the mixture NPS and sensor HB in ethanol at

room temperature for 48 h and then the ATPES was suddenly modified on the surface
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of NPS as shown in Figure 3.6. Then, the HB doped in NPS was purified by centrifugation
several times. To verification of HB loading into NPS, the HB-loading efficiency values
of sensor HB should be firstly inspect by UV-vis spectroscopy. The HB-loading efficiency
was examined from equation 3.1 and the result revealed the percent loading of 8%.
The successful HB-loading was validated by reaction with Him which followed by
fluorescence spectroscopy. Since reaction between HB and Him provided the

fluorescence respond in PBS buffer. Herein, the fluorescent spectrometry was used to

confirm the sensor HB loaded into NPS as shown in Figure 3.7.
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Figure 3.7 Fluorescence spectra of HB-NPS (1 mg/mL) in PBS buffer solution pH 7.0

in the presence of Him.

After sensor HB was loaded in NPS, the FC was then modified on the surface
of NPS. The reaction was carried out in the dark place at room temperature to avoid

the decomposition of FC dye. After the reaction completed, the solution of sensor

HB- NPS@FC was centrifuged several times to ensure the removed of unreacted FC.
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The product HB-NPS@FC was easily monitored by the colour changing of NPS from

white to yellow.

3.2.3 Sensing properties of HB doped nanoporous silica (HB-NPS)

In the presence of Him, the fluorescence spectra of HB-NPS exhibited an
enhancement in emission band at 436 nm assigned to the amide product obtained
from reaction between HB and Him. Similarly, this emission band was also observed
in the presence of His as shown in Figure 3.8. The emission band of HB with non-
imidazole biogenic amines including DA, Lys, Tym, Glu, NE, and EPI remained

unchanged. This result implied that non-imidazole biogenic amines cannot react with
HB via imidazole self- catalytic reaction as shown in Figure 3.3. Moreover, the
appearance of emission band at 436 evidently confirmed the HB loaded in the porous
silica nanoparticles.

450

400

Intensity

400 450 500 550 600 650
Wavelength (nm)
Figure 3.8 Fluorescence spectra of HB-NPS (1 mg/mL) in PBS buffer solution pH 7.0

in the presence of various biogenic amines.
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3.2.4 Sensing properties of HB-NPS@FC

Comprehensive high selective detection of Him leads to the most engrossing
sensing approach for clinical and food chemistry. To enhance the specific detection of
Him, we attempted to design materials based on HB-NPs. As particular hypothesis of

surface screening is attractive approach for screening out the interference, we chose
the fabrication of the fluorescein (FC) acting not only the gate filter but also the proper
electrons acceptor part coupling with HB-NPs. The characteristic fluorescence spectra
of HB-NPS@FC in the presence of Him exhibited an enhancement of emission band at
526 nm corresponding to emission band of FC (Figure 3.9). Upon the addition of His
and other biogenic amine, both emission band of 526 and 436 nm were disappeared.
This result revealed the FC is a proper gate filter to allow only Him passing to react

with HB in porous nanosilica.

350 - HB-NPS@FC
DA
300 4
Lys
250 - Tym
> 200 4 Glu
g NE
E 150 4
EPI
1004 His
50 Him
0 T P
400 450 500 550 600 650

Wavelength (nm)

Figure 3.9 Fluorescence spectra of HB-NPS-FC (1 mg/mL) in PBS buffer solution pH

7.0 in the presence of various biogenic amines.
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To confirm the elimination of interference His by charge repulsion, the pH
profile of HB sensing toward His and Him was investigated. The reaction between
sensor HB toward His and Him were studied on the range of pH from 5.5 - 9.17. The
result showed high fluorescence intensity at 436 nm assigned to the emission band of
amide product in all pH. It can be explained that the both of His and Him could reacted
with sensor HB in all pH as shown in Figure3.10. From this result revealed the reaction
between of HB with Him and His is pH independent. In the case of sensor HB-NPS@FC,
His and Him detection was monitored emission band at 526 nm. The addition of Him
provided emission band at 526 nm assigned to emission band of FC in all pH as shown
in Figure 3.11. However, in the presence of His, this emission band was observed at pH
lower 6.2. At this pH value, the structure of His contains ammonium and carboxylate
ions (pKa from 6.02 = 9.17). Mover, the monoanion of FC is form at this pH (pKa =
6.31) [64, 65]. Then, this implied that at pH higher pKa of FC the carboxylic acid of FC
was depronated to form anion species which obstructed the penetration of His due to
electrostatic repulsion between carboxylated group of His and negative charge of FC
on the surface of silica. As mentioned above, the reaction between HB and amine
group base biogenic amines has to pass the self- catalyzed imidazole. Thus, the
disappearance of emission band of FC and HB for case of other biogenic amine
confirmed no reaction of HB and other biogenic amine which do not contain the
imidazole group. As the result of sensing, FC was a suitable modification compound
on the surface of NPS which allowed Him to penetrate through the porous and react

with HB resulting in high selective detection of Him at pH higher than 6.2.
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Figure 3.10 The sensing ability of HB toward His and Him under monitoring of emission

band at 436 nm in various pH.
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Figure 3.11 The sensing ability of HB-NPS@FC toward His and Him under monitoring

of emission band at 526 nm in various pH.
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3.2.5 Energy transfer mechanism

From the previous result, the emission band at 526 corresponding to FC was
obviously observed. This emission band was stemmed by the resonance fluorescence
energy transfer from HB to FC. To confirm the mechanism of FRET, time-resolved FRET
(trFRET) technique was examined. Firstly, the time resolved emission band at 436 nm
was normalized exhibit an increase fluorescence band at 526 nm upon time increasing

as shown in Figure 3.2.11. The normalization of emission band at 526 nm illustrated
the decrease fluorescence intensity at 436 nm and shown in Figure 3.2.12. This result
revealed that fluorescence intensity at 436 nm of the HBCHIim product amide product
decrease with concomitant increase at 526 nm of FC. This is a strong evident for FRET

mechanism in our detection system.
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Figure 3.12 Time-resolved emission spectra of sensor HB-NPS-FC (1 mg/mL) in PBS

buffer solution pH 7.0 upon the normalized intensity of emission band of sensor HB.
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Figure 3.13 Time-resolved emission spectra of sensor HB-NPS-FC (1 mg/mL) in PBS

buffer solution pH 7.0 upon the normalized intensity of emission band of sensor FC.

3.2.6 Determination of Him
Regarding to a specific detection of Him, the limit of detection (LOD) of HB-
NPS@FC toward Him was evaluated by fluorescence titration in phosphate buffer pH

7.4. Upon increasing of Him concentration, the fluorescent intensity at 526 nm was

gradually increased as shown in Figure 3.14. This result provided the detection limit of
9.29 uM under the linear relationship in the concentration range from 48 — 180 uM for

Him (Figure 3.15).



72

350 -
300: ; YAT
250:
zoo:

150 4

Intensity

100 4

50 4

r—

500 550 600
Wavelength (nm)

L] L]
400 450

Figure 3.14 Fluorescence titration of HB-NPS@FC (1mg/mL) in PBS buffer solution pH

7.0 with various concentrations of Him.
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Figure 3.15 Calibration curve of fluorescence probe HB-NPS@FC (1 mg/mL) toward

Him under PBS buffer solution pH 7.4.
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Furthermore, the highly selective sensor was applied to determine the amount
of Him in real salmon and tuna samples. Firstly, the calibration curves of sensors HB-

NPS@FC toward Him in the medium of salmon and tuna were examined by following

the fluorescence intensity at 526 nm in varying concentration of Him. The calibration
curves provided the linear range of 22-339 ppm and 22- 180 ppm of Him for salmon
and tuna, respectively, as illustrated in Figure 3.16 and 3.17. The Him concentration of
26.5, 50 and 59.5 ppm was spiked into real salmon and tuna samples. The %recovery
of Him was evaluated by monitoring the emission band at 526 nm. The result showed
an acceptable value of %recoveries of 106.43 and 99.00 for Him detection in real
samples of salmon and tuna, respectively, as presented in Table 3.1. This revealed a

good analytical detection of the prepared HBNPs@FC sensor for Him.
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Figure 3.16 Calibration curve of HB-NPS@FC (1 mg/mL) toward spike Him into real

salmon sample under PBS buffer solution pH 7.4.
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Figure 3.17 Calibration curve of HB-NPS@FC (1 mg/mL) toward spike Him into real
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Table 3.1 Determination of Him in real salmon and tuna samples by HB-NPS@FC in

PBS solution pH 7.4.

Sample

Salmon

Tuna

Him added (ppm)
26.5

50.5
59.5
26.5
50.5
59.5

Recovery
29.2310.49

52.80%0.24
62.13£0.91
27.01%3.34
49.8215.92
57.38%4.40

Y%recovery
110.3

104.6
104.4
101.9
98.7
96.4
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Chapter IV

Copper Sensor devices

4.1 Introduction

A long-standing challenge in the area of point-of-care (POC) diagnosis has been
development of functional simple and inexpensive platforms for reproducible and
rapid quantitative assays of analytes in variety of environments. The key of quantitative
POC assay should be inexpensive, be easy to operate, and provide rapid and high
precision without the requirement of specialized electronic devices to measure the
output of the assay. To achieve this goal, measurement of time often is performed
using a timer that is external to the platform of the assay. Notable examples reported
by Gregory and co-worker, demonstrated quantitative assays based on hydrophobic
oligomers- to- hydrophllic switch of hydrogen- peroxide- responsive. However, the
oligomers need many steps for synthesis and provide a high limited of detection in
the range of millimolar of analyst. Herein, we describe an approach for substantially
improving the sensitive model assay by using small molecule and also reducing the
waste from synthesis and saving cost.

In 2012, Kulchat and coworker have reported the molecular sensor (FBA)which
contained spirolactam fluorescein unit and boronic acid for Cu?* detection in aqueous
solution. The sensing mechanism of FBA toward Cu** was found that Cu** perform a
catalyst for the hydrolysis reaction of FBA to yield fluorescein as productand the rate
of the reaction was depended on the concentration of copper. After hydrolysis
reaction, the hydrophobicity of FBA sensor was changed from hydrophobic to
hydrophilic compound. From this discovery, we hypothesized that FBA sensor could

be developedto determine the concentration of Cu*"in microfluidic devices.
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4.2 Experiment
4.1.1 Initial prototypes of 3D microfluidic devices with flow rate of water
The 3D paper-based microfluidic device (23 mm wide x 26 mm long x 0.9 mm)
was constructed by stacking alternating layers of wax-pattern paper and patterned
double-side adhesive tape which contained four layers of paper and tree layers of

tapes. Layer 1 of the device contained an adding water sample region on the
hydrophilic conduit and a detection zone as shown in Figure 4.1. Layer 3 contained
tree hydrophilic regions of 7 mm diameter disk which was pre-deposited by 7 pL of 0.1
mM yellow dye on left and right of hydrophobic regions. All prepared papers were
dried before assembling the device. Layer 5 contained two hydrophilic region disks
which were pre-deposited by FBA on the left hydrophilic region. The central hydrophilic
region of this layer contained conduit 7 mm diameter x 28 mm long to separate the
sample evenly into the left and right. The layer 7 contained two conduits of 7 mm
diameter x 28 mm long which was deposited by 20 pL of 0.1 M pH 7.1 HEPES buffer
solution and then was dried prior to assembling the device. The layers 2, 4 and 6 were
the patterned tapes baring a 7 mm diameter hole that was filled with a 180 um thick

disk of Watman Chromatography Paper No. 1.
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Figure 4.1 The 3D picture of device and the chemical pre-deposited in each layer for

measuring the effect of amount of FBA toward flow-through time rate of water.

4.1.2 Prototypes of 3D microfluidic devices for detection of copper ions

The device was constructed from Watman Chromatography Paper No. 1 with 9

layers (five layers of paper and four layers of tape) with 23 mm wide x 26 mm long x

0.9 mm thick (Figure 4.2). The structure of this paper based device was similar to the

previous one in the layers 1-4. For layer 5, FBA was doped in the sample detection

hole and control hole. The central disk of hydrophilic region in layer 5 was designed

to connect with conduit 7 mm diameter x 28 mm long of layer 7 to separate the
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sample into the left and right zone of the device. To get rid of Cu®" ion interacting with
FBA on the control zone, NaOH was doped on the right hand side of paper hole. As
the basic knowledge, Cu** ion interacts with NaOH to provide Cu(OH), precipitate
causing no interaction between Cu?* ion and FBA on the layer 5. However, the insertion
of NaOH layer made an increasing of ionic strange on the control zone. To normalize
the ionic strange factor, the assay zone of layer 7 on left side of device was deposited
by NaCl. The two disks of the left and right side on layer 7 were pre-deposited by 5 pL
1 mM of NaCl and NaOH, respectively, and were dried prior to assembling the device.
The layer 9 contained two conduits of 7 mm diameter x 28 mm long which was pre-
deposited by 20 uL of 0.1 M pH 7.1 HEPES buffer solution. The layers 2, 4, 6 and 8 were
the patterned tape that contained a 7 mm diameter hole which was filled with a 180

pm thick disk of Watman Chromatography Paper No. 1.
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Figure 4.2 The 3D picture of device and the chemical pre-deposited in each layer for

assay Cu”" ions.

4.1.3 Effect of amount of FBA toward copper ions detection
4.1.4 Prototype for detection of copper ions in blood

The device was constructed from Watman Chromatography Paper No. 1 with 9
layers (five layers of paper and four layers of tape) with 23 mm wide x 26 mm long x
0.9 mm thick The structure of this paper based device was similar to the previous one
in Figure 4.2 exception in layer 1 and hole of tape in layer 2. For layer 1, the central of

hydrophilic region of blood sample added hole was enlarged from 7 mm to be 15 mm
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because blood sample has a higher viscosity than aqueous sample. Therefore, a high
volume of hole was required for the blood solution to easily pass through the end of
device. Moreover, blood sample contains white blood cell, red blood cell, protein,
and plasma. Thus, the blood filter paper was inserted in layer 2 to filtrate the protein
and blood cell and to allow only plasma passing through the device as shown in Figure
4.3. For layers 5, 30 ug/mm? FBA was doped in the sample detection hole and control
hole. The central disk of hydrophilic region in layer 5 was designed to connect with
conduit 7 mm diameter x 28 mm long of layer 7 to separate the plasma sample into
the left and right zone of the device. To get rid of Cu** ion interacting with FBA on the
control zone, layer 7 was pre-deposited by NaOH solution on the right hand side of
paper hole for elimination of copper in control zone and the ionic strange was
normalized by the pre-deposited NaCl disk in the assay zone (left side of the device)
and the paper was dried prior to assembling the device. The layer 9 contained two
conduits of 7 mm diameter x 28 mm long which was pre-deposited by 20 uL of 0.1 M
pH 7.1 HEPES buffer solution and was dried by air. The layers 2, 4, 6 and 8 were
patterned tape that contained a 7 mm diameter hole with a 180 um thick disk of

Watman Chromatography Paper No. 1.
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Figure 4.3 The 3D picture of device and the chemical pre-deposited in each layer for

measuring the concentration of copper in blood.
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4.2 Result and discussion
4.2.1 The effect of concentration of FBA toward flow-through rate of water

In 2012, Kulchat and coworkers [66] have reported the molecular sensor (FBA)
which containing of spirolactam fluorescein unit and boronic acid for Cu®* ion detection

in aqueous solution. The sensing mechanism of FBA toward Cu?* ion was found that
Cu**ion performed a catalyst for the hydrolysis reaction of FBA to yield fluorescein as
product (Figure 4.4a and 4.4b). After hydrolysis reaction, the hydrophobicity of FBA
sensor was changed to be hydrophilic compound. From this finding, we hypothesized
that FBA sensor could be developed to determine the concentration of Cu?** ion in

microfluidic devices.
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Figure 4.4 (a) The copper catalyzed hydrolysis of FBA (b) The fluorescence intensity at
517 nm of 5 uM FBA in the presence of various concentration of Cu”" ion (5% Ethanol

in HEPES buffer pH 7.1).
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Based on the hydrolysis reaction of FBA we expected that when Cu®" ion
passed through the 3D microfluidic device and hydrolyzed the FBA doped on the
paper to give the hydrophilic fluorescein which directly effected on the flow-through
rate of sample. Hydrophilic compound inverted from hydrophobic compound of dye
would enhance the flow-through rate of sample through the device and make a wet
of detection region and a consequent color appeared on the detection region. The

time required to wet the detection region corresponds to the concentration of the

analyte. Firstly, the relationship between amounts of FBA and the flow-through rate of
water was investigated from the first design (Figure 4.1). After the adding 120 pL of
water on layer 1, the water wicked down through the device in z direction and passed
through the central disks of layer 3 and conduited on layer 5 to separate the sample
into the left and the right of the device before passing through layer 7 under gravity
force. When the sample wicked through layer 7 of the devices, the pre-deposited
HEPES buffer on this layer was redissolved and adjusted the pH value of the sample at
approximately 7.1 to protect the rapid hydrolysis of FBA in the absence of Cu** ions.
In layer 7, the central conduit can also separate the sample evenly into the left and
the right hand side of the device before moving up in opposite z direction under the
capiraly force. This arrangement on the left side allowed the sample to react with FBA
in layer 5 and to pass through layer 3. The yellow dye moved through the end of
device on layer 1 resulting in the appearance of yellow spot on the top layer in the
detection zone. Since wicking rate in porous media typically relates to temperature,
humidity, and sample viscosity on the sample distribution [67, 68], we, thus, designed
the strategy to offer a step forward on the goal of quantitative point-of-care assays

without using auxiliary instruments. The control region on the right-hand channel (Figure
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4.5) which was fabricated the same of reagents as the sampling zone. When FBA
affected to flow-through rate of water, the difference time requirement for appearance
of yellow color on the top layer of control zone (right-hand of the device) called Teontrol
and the assay zone (Tasay, left-hand of device) on layer 1 would be observed. The
affected factors ( temperature, humidity, and sample viscosity) toward sample
distribution rates were normalized by measuring the time required for the control zone
(right-hand of the device)and assay zone (the left-hand of the device) called Teasurement-
Since, the FBA deposited in assay zone on layer 5 could retard the flow-through rate
of water while the control zone was not be deposited by FBA. The appearance of
yellow spot on the detection zone of layer 1 in control zone was faster than in assay
zone. Consequently, the measurement time (Treasurement) i the different time of the
assay time (T.w) and the control time (Tcontrov for the sample passing through the device
from the beginning to the end of the device. The relationship between T, Teontol,

and Tassay is depicted in eq 4.1.

Tmeasurement = Tassay - Tcontrol (41)
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Figure 4.5 The flow-through pathway of water from the entrance to the end of the

3D microfluidic device.

To verify the effect of amount of FBA toward flow-through rate, the amount
of FBA in the left-hand disk in layer 5 was examined from 0-45 pg/mm? but the disk of

the control region without FBA on layer 5 was constant. After adding 120 pL pure
water to the device, the result exhibited the increasing of Tmeasurement UpOn the
increment of amount of FBA as shown in Table 4.1 and Figure 4.6. It suggested that
FBA would retard the flow-through rate of water and it revealed that the proper
amount of 45 ug/mm? of FBA in layer 5 gave the largest decrease of flow-through rate

of water.
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Table 4.1 The time measurement of flow-through water from the microfluidic device

Figure 4.1.
H20 Amount of PBA per volume of paper
0 9 18 27 36 a5
mg/mm3 | mg/mm3 | Me/mm3 | mg/mm3 | mg/mm3 | mg/mm3
/8 203 223 227.5 1480.5 1906.5 21135
% 216.5 227.5 194.5 1246 2081.5 2160.5
S
% 206.5 210 385 1620.5 1980.5 2210
©
“EJ 201 234.5 304 1513 2060 2053
()
E 222.5 248.5 318 1452.5 1907 2160.5
Average 209.9 228.7 285.8 1462.5 1987.1 2139.5
S.D. 8.25 14.22 75.73 136.76 82.43 59.18
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Figure 4.6 The effect of FBA amount toward T easurement Of Water with the flow-through

rate from the beginning to the end of the device.
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4.2.2 The effect of concentration of copper toward flow-through rate

From the designed device in Figure 4.1, the result showed that the pre-
deposited FBA could retard the flow-through rate of water and the suitable amount
of FBA at 45 pg/ mm? exhibited an effective retard of the flow-through rate of water.
Then, we continuously adopted the 45 pg/mm? of FBA to investigate the effect of
copper ions toward the flow-through rate by using the device which was constructed

as shown in Figure 4.2,

In the case of copper solution, sample solution was added on the control hole
of layer 1 and wicked down through to layer 6 of the device (Figure 4.7) in z direction.
When the copper solution passed to layer 7, it was separated into the left and right
hand sides of the device before passing through the holes in layer 8 by gravity force.
Then, the sample wicked through layer 9 of the devices. The pre-deposited HEPES
buffer on this layer was re-dissolved to control pH of the sample to be approximately
7.1. In layer 9, the central conduit also separated the sample evenly into the assay
zone (left side of the device) and the control zone (right side of the device) before
moving up in the opposite z direction by the capiraly force. This arrangement allowed
the sample passing through the different deposited substance of control and assay
zone in layer 7. In the control zone, the sample passed through the pre-deposited
NaOH disk on right-hand channel disk of the device to precipitate the copper hydroxide
in sample solution. Then, the sample solution without free Cu?* ion passed to layer 5
and could not hydrolyte the FBA on the control zone. From this design, the copper
ion solution in the assay zone passed through layer 5 and catalyzed the hydrolysis

reaction of FBA in layer 5 @s the reaction shown in Figure 4.4)as a result of an increase
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of flow-through rate of sample. The period time of assay zone was shorter than that
of control zone. The Tasay and Teonwol Were recorded when the yellow color was
observed on the detection zone of layer 1. Since, the copper ion in the assay zone
could hydrolyze FAB to provide the hydrophilic products which enabled to quickly

pass through layer 5. The factors of sample distribution rates were normalized by the

relationship between Tmeasurement, Tcontrol, and Tassay as depicted in eq 4.2.

Tmeasurement = Tcontrot - Tassay (4.2)
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Figure 4.7 The flow-through pathway of Cu?* ions from the entrance to the end of

the 3D microfluidic device.
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The Teasuement Of the device (as constructed in Figure 4.2) was obtained by
using the amount of 45 pg/mm? of FBA. The results showed that the T, easurement Was
increased upon the increment of copper as shown in Figure A3 and Table A3. The limit
of detection (LOD) of Cu®* ion detection by this device under the linear range of 5 -

100 UM was 38.77 pM.

4.2.3 The effect of the quantity of FBA on the limit of detection (LOD)

To create the general assay device, the device was actually needed to increase
the sensitivity of the system to detect copper ions in vary low concentration. For
previous report, Gregory and co-workers discovered that a relationship between the
LOD of analyst in sample and quantity of pre-deposited molecule on the paper can
reduce the flow-through rate of analytes. To increase the sensitivity of the device for
detection of analyte at low concentration, the optimization of quantity of pre-

deposited FBA in layer 5 (Figure 4.2)was investigated. The experiment was designed by
varying amount of pre-deposited FBA concentration on the disk in layer 5 in the range
of 10-70 pg/mmz. The relationships of time measurement (Tmeansurment) Obtained from
the experiment and the concentration of Cu®* ion at the different amounts of FBA
deposited on paper of 10, 25, 30, 45, 55 and 70 pg/mm? were illustrated in Figures Al-
A6 and Tables A1-A6, respectively. The calibration curves provided the detection limit
of Cu?* ion over the various amount of FBA deposited on paper at 10, 25, 30, 45, 55
and 70 pg/mm2 of 19.42, 13.56, 11.36, 38.77 42.98 and 42.78, respectively. The

relationship between LOD and quantities of FBA pre-deposited in layer 5 exhibited a
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parabolic feature as shown in Figure 4.8 and Table 4.2. The optimized of detection
limit for Cu®* ion detection was achieved by the quantity of 30 pgzmm? FBA. A high
amount of FBA deposited on layer 5 over 30 ug/mm? showed high limit of detection
(45, 55 and 70 pg/mm?). It can be explained that the high concentration of FBA possibly
obstructed a small amount of hydrophilic compound obtained by the hydrolysis
reaction of FBA at low concentration of Cu®* ion. Thus the devices needed a high
concentration of copper ion to allow the hydrolyzed compound passing through the
device. Consequently, hish amount of pre-deposited FBA in layer 5 provided a high

LOD for copper ion detection. Alternatively, a small amount of pre-deposited FBA at
10 and 25 pg/mm? on layer 5 preferentially allows the hydrophilic compound passing
through the device causing a high flow-through rate. (Figure A1-A2 and Table A1-A2)
Clearly, the optimized quantity of FBA per area of paper was definitely important for
improving the sensitivity of the assay. The dynamic range and the sensitivity of the

assay for Cu?* ion in each quantity of FBA were summarized in Table 4.2.
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Table 4.2 The effect of quantity of FBA in the sensitivity and dynamic range of assay

for copper (Il) ions

Quantity of FBA in layer 5 Dynamic range of LOD (uM)
Cu?*(uM)
10 10-75 19.42
25 10-60 13.56
30 5-95 11.36
45 5-95 38.77
55 10-100 42.98
70 10-100 42.78
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Figure 4.8 The amount of FBA effects to limit of detection for determination of

copper ions.
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4.2.4 The Application of 3D microfluidic device for measurement of Cu?

ion in blood sample

Since the device enabled to utilized for quantitative detection of copper (II)
ions by measuring T easurement Of the sample. The detection limit was depended on the
amount of doped FBA on the device. We would apply this paper-based device to
detect copper () ions in the real blood sample by the designed device in Figure 4.3.
Our purpose is to develop the easy device of Cu®* ions sensing in a real blood sample
without centrifugation to separate white blood cell, red blood cell, protein, and
plasma. We attended to design a new paper device by inserting the additional blood
filter paper for removing white and red blood cell and protein from the blood sample.
Consequently, the required plasma of blood sample was allowed to pass through the
paper-based device. Interestingly, the suitable plasma passing through paper-based
device would provide the color change on the detection zone in case of the presence
of Cu” ion in blood sample. Then, the device comprised the blood filter paper for
separation of plasma from blood cell and protein. Furthermore, the sample added
area would be enlarged to support the higher volume of sample as shown in Figure
4.9. The challenges of this work is to design the easily paper-based device for detection
of analyte in blood sample without the centrifugation and the avoidance of
coagulation of blood cell in paper-based device. Therefore, the heparin was added
into blood sample to prolong blood coagulation. Moreover, the volume of blood

sample and type of blood filter papers including LF1, MF1, VF1 and VF2, were
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optimized to offer a good T, easurement Values as shown in Table 4.3. The result revealed
that 100 and 150 pL of blood volume could not be determined for assay copper (II)
ions in blood sample. It was possibly blood coagulation and/or the plasma volume in
blood sample was not enough to pass through the beginning to the end of the device.
In the case of higher volume of sample, blood sample could pass to the end of the
device. Considering the filter papers for measurement, LF1 showed the lowest
Tmeasurement 1IN 300 pL of blood volume. Then, it is notably that the 300 pL of blood
volume and LF1 were selected for further determination of Cu® ion in blood sample.
From the table 4.4 and titration curves in Figure 4.11, the T, easuement Was gradually
increased upon the increment of Cu®" ion. The calibration curve in Figure 4.12 provided
the linear range from 10-100 pM of copper ions concentration. This system was
developed to the analytical application by measuring % recoveries of Cu*" ion which
was spiked in the blood sample. The result showed an acceptable value of 103.38%
recovery (Table 4.5). It could be concluded that this paper-based device offers an

excellently promising detection of copper (Il) ions in real times sample.
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Figure 4.9 The flow-through pathway of blood sample from the entrance to the end

of the 3D microfluidic device.
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Table 4.3 The T, casurement Of the device (as prepared in Figure Ad) by varying of blood

filter paper and blood volume.

Blood volume Time measuring (min)
(pL) LF1 MF1 VF1 VF2
100 ND ND ND ND
150 ND ND ND ND
200 23 31 ND ND
250 19 21 ND ND
300 13 15 30 38




Table 4.4 The detection of copper ions in blood sample by using the device in

Figure 4.3
30 [Cu2+]/ uM
ug/mm3 0 10 50 100 150 250 500
22 39 o1 167 167 212 219
135 335 9¢.5 1175 1775 191 251
B 12 22 79 142 191 215 2245
f 10 35 105 165.5 175 196.5 237
e
% 8 19.5 92 1485 187 212 2145
% 7.5 29 73.5 166.5 2015 208 217
E 135 30 105 134 171 181.5 213
s 105 195 80 151 196 211 2105
12 a0 104.5 1395 1825 178 206
23 27 755 159 187 219 2345
Average | 132 29.85 90 14505 | 18355 | 2024 | 2227
STD | 5308274 | 7.663224 | 124231 | 16.20434 | 11.04901 | 14.60936 | 14.07559

96
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Figure 4.10 The graph showed the relationship between Teasurement and concentration

of Cu®" ion.
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Figure 4.11 The calibration curve of Teasurement from the device (Figure 4.3) toward

spike Cu*" ion into blood sample.



Table 4.5 Determination of Cu** in blood samples from the device in Figure 3.3.3.

Amount of Cu®

Experiment
Added (uM) | Recovery (M) | Average (UM) | o recovery
1 1322 13.18
2 13.22 13.25 1367 02 1034
1322 13.24

98
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Chapter V

Conclusions

For catecholamine sensing, a new sensing approach based on the assembled
complexes of two fluorescence sensors inducing the FRET process for high
discrimination of catecholamines have successfully developed. Firstly, the sensor PBA
showed an excellent covalent binding between boronic acid and catechol groups of
catecholamine provided the high selectivity of catecholamine over other biogenic
amines. For two sensing elements, the additional sensor CA could discriminate EPI
from other catecholamines. Based on a basic reaction of sensor PBA and the catechol
group as well as sensor CA and primary amines of catecholamine, the catecholamine
induces the intermolecular assembled complexes between sensors PBA and CA by
properly coupled fluorescence chemosensors via the FRET-on process. On the basis
of these findings, the possibility of the intermolecular assembled sensors based on
non-complicated sensory molecules by using a specific guest as a linker highlighted a
powerful tool for sensing purposes in real time analysis in the field of medical
diagnosis.

In the case of histamine sensing, we have successfully developed a new
fluorescence sensors based on the HB doped in nanoporous silica and surface
modification with FC to provide FRET process and highly discriminate among biogenic

amines. The case of a non-surface modification (HB-NPS) sensing offered the promising
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selectivity of His and Him over other biogenic amines by the imidazole self-catalytic
reaction between HB added in NPS and amine group of biogenic amines. For HB-
NPS@FC sensing, the negative charge of FC at pH over 6.2 could screen His from
analytical detection of Him. The self-catalytic reaction of sensor HB with biogenic
amines and negative charge selection afforded the highly selective fluorescence sensor
for Him via FRET-On process. To apply the HB-NPS@FC in food chemistry, the
fluorescence chemosensor displayed a good quantitative determination of Him in real
fish samples with real time analysis. On the discovery of highly selective Him detection,
the couple of sensor and surface selector is a good candidate for powerful specific
detection of Him in the field of clinical diagnosis and food chemistry.

In the microfluidic devices, we described a new designed 3D microfluidic device
based on switching hydrophobic FBA to hydrophilic product. The use of this assay
device in detection was completed in few minutes, and the readout was simple
measurements of time to quantify the amount of copper analyte in a sample. The
device was designed to two parts. The first part is assay zone that composed of buffer,
NaCl, food coloring and FBA. The second part is the control zone that was designed
to normalize the affected factors (temperature, humidity, and sample viscosity) toward
sample distribution rates. The control zone was deposited by NaOH for removing Cu?*
from sample. The good detection limit for detection of Cu?* ion was achieved by

depositing the quantity of 30 pg/mm? FBA.
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For application, the device was applied to detect copper ions in the real blood
sample. The result provided the linear range from 10- 100 pM of copper ions
concentration. This system was applied to measure %recoveries of the spike samples
of copper to the blood sample and the result showed an acceptable value of 103.38%
recovery. Thus, this highligshted a powerful paper-based device in real time analysis for

Cu?* ion determination in diagnosis task.
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Appendix

Table A.1. Time measurement for copper ions detection from the device (Figure 4.2)

with the pre-deposited FBA at 10 pg/mm?.

10 [CU®*] pid
pg/mm?
of EBA 0 10 25 aa B0 50 75 100
105 225 135 a7 415 415 Té 525
55 12 135 375 48.5 48 755 Ta
5 265 275 29 52 40 525 G5
4 35 215 36 255 B85 475 505 755
=
[=
i
E 15 12 26 325 33 52 69.5 ans
':]
i
B 25 135 17 305 B8 585 Té 695
{_
[ _
= 1 155 21 29 33 595 485 Ta
'_
165 165 1% a5 5 355 475 B8 a1
Z5 13 17 5a 1] ki) Té 49
2 11.5 35.5 36.5 38 40.5 5T 525
Foserage 5.05 16.45 224 30.7 455 493 64,95 57.75
S.D. 4884499 | 5257006 | 8.009715 | 10031063 | 1053302 | 7.487V768 | 10.82808 | 12.30007
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Figure A.1 The calibration curve of Theasurement from the device (Figure 4.2) with the pre-

deposited FBA at 10 pg/mm?toward copper ions in sample.
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Table A.2 Time measurement for copper ions detection from the device (Figure 4.2

with the pre-deposited FBA at 25 pg/mm?.

25 [(Cu™]F il
pe/mm®
of FBA 0 10 25 40 50 60 75 100
2 2 17 21 445 31 78 103
3 1.5 18 33 34 44.5 81 96
10.5 3 5.5 265 a7 27 90 77
g 1 3 24 15 265 355 72.5 785
=
o
E 1.5 11 7 165 285 47 97.5 80.5
& 25 7.5 11 20 24 42 76 835
E_
o
£ 8 25 175 32 315 455 915 95.5
25 1 7.5 15.5 325 6 0.5 72
3 25 245 29 41 29 745 102
4.5 6.5 7.5 29 36.5 28 745 98
Average | 385 4.05 13.95 23.75 333 36.55 826 88.6
SO. | 3.055505 | 3.218436 | 7.166473 | 6953217 | 6.933013 | 8.135826 | 8.937437 [ 1145717
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Figure A.2 The calibration curve of Treasurement from the device (Figure 4.2) with the pre-

deposited FBA at 25 ug/mm?toward copper ions in sample.
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Table A.3 Time measurement for copper ions detection from the device (Figure 4.2

which pre-deposited amount of FBA 30 pg/mm?

30 [Cu™)/ uM

pg/mm? 0 10 25 50 75 100
8 225 315 37 65.5 82.5

10 12 42 50.5 69 95

R 9 155 285 34 71 87
g 10.5 16.5 31 53 57 94.5
% 4 155 51 515 735 46.5
% 6 125 315 36 69 102.5

é 11 26 34 53 75.5 72
a 6 28 29.5 415 63 88.5

95 19.5 265 ag 525 76

35 285 a6 445 66 79
Average | 7.75 1965 | 3515 | 449 | 662 | 8235

sD. | 2710576 | 6240771 | 824638 | 736282 | 7.161626 | 15.6951
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Figure A.3 The calibration curve of Trheasurement from the device (Figure 4.2) toward

copper ions in sample.
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Table A.4 Time measurement for copper ions detection from the device (Figure 4.2)

with the pre-deposited FBA at 45 pg/mm?.

a5 _CLE_].-". |Jr'-'*
pg/mm? 0 10 25 50 75 100 500 1000
175 165 46 52 44 525 95 T4
15.5 30 a7 485 535 65 80.5 1195
125 245 32 34 435 47.5 a7 1115
g
= 215 285 33 445 51 50.5 97.5 B2
[all)
E 21 42 a0 52 51 465 106.5 865
g 245 215 445 425 425 £0.5 90.5 103
£
o rd rd =y P = ] [ =l e I
E 27 17 21.5 54 f2 2 955 B35
i
19.5 245 22 355 445 48 1065 9%
165 30 25 45 595 515 104.5 105.5
225 35 275 37 50 61 85.5 110
ferage 19.8 3025 | 2285 445 50.65 555 94.9 97.35
5D 4391912 | 9331101 | 8.9102 | 7.230337 | 7.242045 | 8.621478 | 0103723 | 14.72724
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Figure A.4 The calibration curve of Treasurement from the device (Figure 4.2) with the pre-

deposited FBA at 45 pg/mm?toward copper ions in sample.
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Table A.5 Time measurement for copper ions detection from the device (Figure 4.2

with the pre-deposited FBA at 55 pg/mm?.

55 pg/mm’ [Cu™V M
of FBA 0 10 25 50 75 100
23 46 39.5 54 64 90
33 405 53 44.5 675 65
a 245 53 54 63 58.5 875
g 22 33 44.5 68.5 63.5 615
;% 20 43 34.5 55.5 55 705
QE% 18 385 32 56 57 90.5
v 21 525 56 475 69.5 87
" 13 41 455 55 53.5 62.5
18 425 575 375 79 85
15.5 355 53.5 54.5 56 88.5
Average | 208 | 4255 47 536 | 6235 | 7838
sD. | 5518655 | 6.533886 | 9.216531 |8.831132 | 7.993226 | 12.30221
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Figure A.5 The calibration curve of Treasurement from the device (Figure 4.2) with the pre-

deposited FBA at 55 pg/mm?toward copper ions in sample.
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Table A.6 Time measurement for copper ions detection from the device (Figure 4.2

with the pre-deposited FBA at 70 pg/mm?.

[Cu®)/ uM
70 pg/mm?

0 10 25 50 75 100
12 61 64 67.5 80.5 82.5

28.5 57 58.5 66 72.5 81

_ 15 45.5 61.5 77.5 76 84
:’:f 27.5 44.5 595 72 88.5 81.5
;%j 24.5 52.5 41.5 61.5 77.5 78.5
% 18 38 47 66.5 80 100.5

é 26.5 535 46 78 70 935

i 21.5 41 55 77.5 66.5 71.5

16 39 47.5 69 80 89

20.5 535 61 58 67.5 76.5
Average 21 48.55 54.15 69.35 75.9 83.85

S.D. 5.700877 | 8.001562 | 7.944425 | 6.896255 | 6.842677 | 8.482171
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Figure A.6 The calibration curve of Theasurement from the device (Figure 4.2) with the pre-

deposited FBA at 70 pg/mm?toward copper ions in sample.
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