DEVELOPMENT OF SENSING PLATFORMS USING BULK OPTODE TECHNIQUE FOR

DETECTION OF SILVER AND MERCURY IONS

Mr. Manoon Phichi

A Dissertation Submitted in Partial Fulfillment of the Requirements
for the Degree of Doctor of Philosophy in Chemistry
Department of Chemistry
FACULTY OF SCIENCE
Chulalongkorn University
Academic Year 2019

Copyright of Chulalongkorn University



@ 4 v Y 9 a v o o [
mswwumwamlasumﬁuﬂﬂﬂ%mﬂuﬂuaﬂaaﬂimmmumﬁmnm

TospuRuuazilson

a a a’dy < ' & == v a A oA
IginusiiluaIuniveInsanImuranga sy Inemansauiute
a = a =
191 UAN MIAIVUAY
AMZAINNIANAAS JMNAINTAINININAD
=S =
Unsfnun 2562

e
a a A t4 a @
AVANDTUDIPWIAINTAUNNIING1AY



Thesis Title DEVELOPMENT OF SENSING PLATFORMS USING BULK OP

TODE TECHNIQUE FORDETECTION OF SILVER AND MERC

URY IONS
By Mr. Manoon Phichi
Field of Study Chemistry
Thesis Advisor Associate Professor WANLAPA AEUNGMAITREPIROM, Ph.D.
Thesis Co Advisor Associate Professor APICHAT IMYIM, Ph.D.

Accepted by the FACULTY OF SCIENCE, Chulalongkorn University in Partial Fulfillment

of the Requirement for the Doctor of Philosophy

Dean of the FACULTY OF SCIENCE

(Professor POLKIT SANGVANICH, Ph.D.)

DISSERTATION COMMITTEE

Chairman

(Associate Professor VUDHICHAI PARASUK, Ph.D.)

Thesis Advisor

(Associate Professor WANLAPA AEUNGMAITREPIROM, Ph.D.)

Thesis Co-Advisor

(Associate Professor APICHAT IMYIM, Ph.D.)

Examiner

(Professor THAWATCHAI TUNTULANI, Ph.D.)

Examiner

(Associate Professor PAKORN VARANUSUPAKUL, Ph.D.)

External Examiner

(Assistant Professor CHOMCHAI SUKSAI Ph.D.)



il

aa o ¢ v Y Y A o o o v o
YU WY : ﬂ']iWﬁNu’lLlWﬁGlWﬂiilﬂﬁ5’1J§'IﬂElcl‘])'mﬂuﬂ'U'c’lﬂ’f)ﬂﬂIﬂﬂﬁ'lﬁi’ljﬂ'ﬁ@li’m’;lﬂllﬂﬂ@u

Nutazilseon. (
DEVELOPMENT OF SENSING PLATFORMS USING BULK OPTODE TECHNIQUE FORD
ETECTION OF SILVER AND MERCURY IONS) 0.711/5n81%180 : 5¢. a3.7an1 1904 luas

a s A ' a ad 2
NIVY, f].‘ﬂlﬁﬂ‘]el']ﬁ?ll D371 AT.00H10 DUYN

awv d" Y a J a Jd a 1o @ o a
QWH’J%EJHUlﬂE]‘ﬁ‘]ﬂEJQ‘]Jﬂimﬂ?i?!ﬂi?gﬁ%uﬂlﬁijﬁWﬁiUﬁi’)%’)ﬂnl@@@Hlﬂullagﬂiﬂﬂiﬂﬂ

a v J

lmatinaneol Ina Tasesd Inalszneudls 25,.27-Tacuu s Ines Twaa)-26,28- lansondan

~

a[4lte3u (cUD) Hule To Tumleiwsiiadonlosou TasTuleTo Tunes x1v ilulalufandies

D)

a a ¢ < 7 s ¢ o X v g v Y ¢

UANNDT Line KTpCIPB L‘}Ju“laf)@umﬂm%mmm QﬂlﬂiﬂNﬂlutLa%i%tﬂuﬁWiEUEIHQﬂﬂiﬂ!
a s W d’! 1% Blczl 1 a Y = 2 So’

AITUATIEHNNANUIVU mﬁ‘ugumuaumm%@aummmxﬂiEm mamnﬂaﬂuuﬂmmmm

a

I A ao A J a J ' @ v o a ay Yy 9 2
Nt uviaeg Gl,uxﬂuﬂﬂillllQﬂﬂimﬂ?i')lﬂi131’@TL!ﬂi3@11&1i?ﬂﬂﬂﬂ?iﬁi?ﬂ?ﬂﬁﬂ’dllﬂgﬂﬁ'i%?*llu
T ] < o ] ]
ﬁ}’lﬁlﬁﬂ”ﬁ’ﬂfﬂ\%ﬂﬂ Tﬂﬁ]ﬂ'l‘i?iﬁlﬂﬁ”l'iﬁ%ﬁ?ﬂﬂﬂﬂlﬂﬁﬁﬂﬂuﬂi$ﬂ1llﬂ‘iﬂ\‘lllﬁzﬁﬂ'ﬁﬂi’Jﬂ’)ﬂ’ﬂfﬂ\?\ﬂﬁ]
o U t4 o o 1 4 ci’ v 1w
“Vl'lIﬂEJﬂ”liﬂqllQﬂﬂim@]i’J%’Jﬂﬁﬂiufﬂiaga"mﬁ?@ﬂ"ﬁ Gluuwaﬂ‘vxlaiuumimnm@ﬂumm"laaau

a o a s A I Q’l
Ruuazilsenluaisazaenanainninila laemsaudanouas Iadsunas lsaiodluunana
9

A A

¢ o w 2 A o du Y ' Y a 3
U awday wennnibeangunsaisuiuun 15inseiioadiumas s Taglsianms 14
A A ad a J @ @ 9 2 9 J
insesiledannsoindla q miasavdauvuiaszeznialagmaueiulasmsldginsainig
9
Anszvguden Tugdnssistiatioel Tnau TuailoSvinaduriugudnais 110 w1 Tuwes 18
G da! ) dy a A a a 4 an ] ] 9 a
gniasouvutazgmh lnavasuuiuiveufensiianedomaei lagisnmsed1adrealonsl
I v 1 T o 3 ) 9OI dy
nlad naz 1933 msnsvinedindie vhlaensamsazaioiied1aa q asuw¥en luunaneiuil
I¥dmiumsasinialessutlion Tassveznmevesmsndounlasdzduiusduanududu
v
v leoouilsenluasazareiiedis aniuismisasiviah ldednieTaodnszezniaveans
H Y H
nlasuntlasdaanunusenals lifussia ludugaiogunssiminaue lai ldszgndls
TumswifSunalesouunazdsonludedinriwaz ldnamsnaassiaoandesiuiumans

naavan ldanmaiia ICP-OES

113N nx AVIUDBDTTR ovveeeeeeeeeeeeeeeeeeeee e

= = A A A o
ﬂﬂ"ljﬁﬂH"I 2562 AUV ﬂ.‘ﬂlﬁﬂ}n‘ﬂﬁﬂ ..............................

A A = '
LGRIAGE Q] @.ﬂﬁﬂHTiQN ...............................



v

## 5772106823 : MAJOR CHEMISTRY
KEYWORD: Bulk optode, Paper-based analytical device, Thread-based analytical device, Silver
ion, Mercury ion
Manoon Phichi
DEVELOPMENT OF SENSING PLATFORMS USING BULK OPTODE TECHNIQUE
FORDETECTION OF SILVER AND MERCURY IONS.  Advisor:  Assoc.  Prof.
WANLAPA AEUNGMAITREPIROM, Ph.D. Co-advisor: Assoc. Prof. APICHAT

IMYIM, Ph.D.

This research described new analytical devices for Ag’ and Hg2+ detection using bulk
optode technique. The optode containing 25,27-di(benzothiazolyl)-26,28-hydroxycalix[4]arene (CU1)
as an ion-selective ionophore, chromoionophore XIV as a lipophilic pH indicator, and KTpCIPB as
an ion-exchanger was prepared and used as a sensing agent in the proposed devices. The optode
sensors responded to Ag” and Hg2+ by changing the color from blue to yellow. The colorimetric-based
detection was carried out by using the proposed paper-based analytical device. A simple fabrication
method was performed by simply dropping the cocktail onto the filter paper, and the detection
method was easily performed by immersing the paper strip into the sample solutions. In this
platform, the dual detection of Ag" and Hg2+ in their mixed solutions was achieved by adding EDTA
and NaCl as masking agents, respectively. Additionally, to demonstrate a truly instrument-free optode
sensor without the need of any electronic equipment, the distance-based detection was proposed by
using the thread-based analytical device. The optode nanosphere with 110 nm in diameters was
successfully prepared and incorporated onto the surface of polyester thread by a simple manual
pipetting, and the detection method was easily performed by repeatedly dropped sample solutions
onto the thread. In this platform, the Hg2+ detection on thread-based device was exhibited. The
distances of the color change correlated to the Hg2+ concentrations in sample solutions, so the
detection method was easily performed by measuring the length of the color change along the thread
with a ruler. Finally, the proposed devices were successfully applied to determine the amount of Ag”

and Hg2+ in real samples, and the results were in agreement with the values obtained from ICP-OES.

Field of Study: Chemistry Student's Signature ...........ccecveveeeeennne.
Academic Year: 2019 Advisor's Signature ...........ecceeeeeeeeennene

Co-advisor's Signature .............ccocenee...
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CHAPTERII

INTRODUCTION

1.1 Statement of the problem

Heavy metals are one of environmental pollutions that are a serious problem in
many countries [1-3]. The natural phenomenon such as volcanic eruption or human
activities such as mining, oil drilling, and agricultural activities can discharge heavy
metals to environment [4-6]. Since the heavy metal ions can dissolve in water, various
water sources are easily contaminated by heavy metals. Mercury (Hg) and silver (Ag)
are the high toxic heavy metals which have been assigned to the highest toxicity class
of heavy metal pollutants [7, 8]. Hg2+ is one of common forms of mercury that can
accumulate in food chain and human’s body [9, 10]. The accumulation of Hg can
damage to brain, kidneys, nervous, and endocrine system in humans [11, 12]. Agis a
heavy metal used in diverse industries since its effective antibacterial properties are
noticeable [13]. However, the accumulation of Ag+ in human’s body can cause
permanent skin damage by forming insoluble sediments and accumulation in the skin
layer, eyes, or around nerves [8].

Since the contamination of Ag and Hg2+ in environment can harm to living
organism and human health, the determination of Ag and Hg2+ using various
techniques were frequently explored and published. However, the conventional
methods for detection of Ag  and Hg2+ such as cold-vapor atomic absorption
spectroscopy (CVAAS) [14, 15], inductively coupled plasma mass spectrometry (ICP-
MS) [16], inductively coupled plasma atomic emission spectrometry (ICP-AES) [17],
electrochemical method [18], and cold-vapor atomic fluorescence spectrometry [19]

suffer laborious and high cost operations because the sophisticate instrument and



specialist are required. For this reason, the determination of Ag" and Hg2+ using the
conventional techniques is not suitable for on-site analysis. Hence, research about the
detection of Ag” and Hg2+ using a simple technique is interesting.

Ton-selective optode (ISOs) or bulk optode is one of colorimetric detection
methods that is attracted for metal ion detection. The conventional optodes are
normally consisted of lipophilic sensing components including ion-selective
ionophore, chromoionophore, and ion-exchanger embedded in the hydrophobic
polymer films [20]. The ion-selective sensing behavior is based on the ion-exchange
process of target ion (M") and hydrogen ion (H') between water surrounding and
hydrophobic sensing phase consisting of ionophore (L), chromoionophore (C), and
ion-exchanger (R™). Tonophore can extract M"" from water to the hydrophobic sensing
phase while H' from chromoionophore (CH') is released to water to maintain the
electroneutrality. This extraction process leads to the change of optical properties of
the optode. Because a fast response, extensive response range, simple preparation, high
sensitivity, high selectivity, and easy detection by naked eye are the benefits of ISOs,
various ISOs systems have been studied and developed for heavy metal detection.

Many researches involving ISOs have fabricated the optode sensor in a
platform of planar thin film and have detected the change of optical signal with
conventional spectrophotometer [21-27]. However, these methods often cannot be
used as a truly instrument-free for on-site analysis since they still required
sophisticated scientific instruments for signal detection. In this research, we were
interested in the development of new ISOs platforms to use as a truly instrument-free
device without requirements of a conventional sophisticated scientific instrument for
using as a portable device for Ag and Hg2+ detection.

In this work, we were interested in an ion-selective ionophore of 25,27-
di(benzothiazolyl)-26,28-hydroxycalix[4]arene or CU1l. This compound was first

designed, synthesized, and characterized by Ngeontae et al. in 2008 [28]. In their



work, CU1 was successfully incorporated to an ion-selective electrodes (ISEs)
platform for Ag" detection. In addition, CU1 was also successfully incorporated to the
conventional planar film optode by Wattanayon in 2013 [29]. From these previous
works, CU1 showed a highly selective binding with Ag” in ISEs and ISOs (planar film)
platforms. For this reason, CU1 was chosen to use as an ion-selective ionophore for

new [SOs platforms in our research.

1.2 Research objective

The aim of this research was to develop ion selective optodes (ISOs) sensing
platforms including paper-based analytical device and thread-based analytical device
as an instrument-free and portable devices for detection of Ag’ and Hg2+ in real

aqueous samples.

1.3 Scope of research

The cocktail solutions including three sensing components consisting of CU1
as an ion-selective ionophore, KTpCIPB as an ion-exchanger, and chromoionophore as
a lipophilic pH indicator were prepared, and the cocktail solutions were employed to
fabricate the proposed device in different platforms. The paper-based analytical device
was firstly fabricated by manual pipetting the cocktail solution to the filter paper. In
this platform, four types of commercial lipophilic pH indicator including
chromoionophore I, VII, VIII, XIV were investigated, and the cocktail composition
were optimized to obtain good selectivity and sensitivity. Next, the cocktail solutions
were employed to prepare the ion-selective optode nanosphere by solvent-
displacement method, and the optode nanosphere suspension was applied to fabricate
the thread-based analytical device. The determination of Ag' and Hg2+ by using the

fabricated devices was examined. The parameters affected to the optode response



including effect of pH, response time, selectivity, repeatability, working range were
studied. Finally, the fabricated devices were applied to determine Ag’ and Hg2+
concentrations in real aqueous samples with spiked method, and the determination of

Ag and Hg2+ in samples by using ICP-OES was also performed for the comparisons.

1.4 Benefits of the research

We have expected to obtain new ion-selective optode platforms that could be
used as a simple and portable device for determination of Ag' and Hg2+ in real aqueous

samples with a satisfactory experimental result.



CHAPTER 11

THEORY AND LITERATURE REVIEWS

2.1 Ion-selective optodes (ISOs)
2.1.1 Components of ISOs

Optode sensing phase is a hydrophobic plasticized phase of the polymeric
membrane. The plasticized phase is composed of a hydrophobic polymer, a plasticizer,
and three main sensing reagents including a complexing agent (ionophore), a lipophilic
ionic salt (ion-exchanger), and a lipophilic pH indicator (chromoionophore). All
composition of optode affect to the response of sensor in terms of selectivity and
sensitivity. Therefore, type and quantity of all components are important for the optode

preparation. The role of each component is explained as listed below.

— Polymer

Some properties of the polymer matrices used in plasticized phase of optode
are mechanical stability, chemically inert, and elasticity. Normally, the polymeric
phase in optode sensor is often prepared with poly(vinyl chloride) (PVC) which

provides the appropriate properties as described earlier.

— Plasticizer

The role of plasticizer used in plasticized phase of optode is a membrane
solvent for homogeneous incorporating the others sensing components in hydrophobic
sensing phase. The properties of plasticizer used in optode should have

hydrophobicity, low vapor pressure, and high ability for dissolving all optode sensing



constituents in the plasticized phase. There are various types of plasticizer used to
prepare optode with a different lipophilicity characteristic; however, bis(2-ethylhexyl)
sebacate (DOS, apolar) and ortho-nitrophenyl octyl ether (o-NPOE, polar) are often

used to prepare the membrane optode. The structure of DOS and 0-NPOE are shown in

Figure 2.1.
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Figure 2.1 Chemical structures of some plasticizers.

— lonophore (ion-selective ionophore)

Ionophore or ion-selective ionophore is the most important component of the
ISOs since it provides the selectivity of the optode sensor. The roles of ionophore are
the lipophilic complexing agent which can selectively bind with only the target ion and
extract the target ion from aqueous sample phase to organic sensing phase by forming
strong, selective, and reversible complex with target ion in the hydrophobic sensing
phase. To prevent the leaching of ionophore from hydrophobic sensing phase to
aqueous solution, the hydrophobic groups should be contained in its chemical
structure. Some examples of commercial ionophores used in various previous

researches are shown in Figure 2.2.
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Figure 2.2 Chemical structures of some ionophores.

— Chromoionophore (proton-selective ionophore)

Chromoionophore is a lipophilic pH indicator which can change the optical
property when its structure changes from protonated form to deprotonated form or vice
versa. Protonated form and deprotonated form of chromoionophore show different
colors and absorption wavelengths. When the target cation is extracted from aqueous
sample to sensing phase, the abundances of positive charge from target in the optode
sensing matrix cause the leaching out of proton from sensing phase by forming a
deprotonated form of chromoionophore. Hence, with the presence of chromoionphore
in sensing phase, the changes of optical property of optode sensor resulted from the
target cation could be obtained. Some examples of commercial chromoionophores are

shown in Figure 2.3.
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Figure 2.3 Chemical structures of some chromoionophores.

— lon-exchanger

Ion-exchanger or ionic additive is a lipophilic ionic salt which is added to
maintain the charge balance in the sensing phase and to prevent the co-extraction of
counter ion from aqueous solution. Some ion-exchangers used to prepare the cation-

selective optode are shown in Figure 2.4.
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Figure 2.4 Chemical structures of some ion-exchanger.

2.1.2 The response mechanism of ISOs [20, 30]

The ion-selective optode behavior is based on the ion-exchange process of
target ion (M"") and hydrogen ion (H') between water sample surrounding (aqueous
phase) and hydrophobic sensing phase (organic phase) consisting of ionophore (L),
chromoionophore (C), and ion-exchanger (R"). Ionophore extracts M"™ from water to
the hydrophobic sensing phase by formation of a coordinated compound while H' from
chromoionophore (CH') is simultancously released to water to maintain the
electroneutrality. Hence, the color of sensing phase changed from the color of
protonated chromoionophore (CH') to deprotonated chromoionophore (C). The

exchange process can be descripted in Figure 2.5 and Equation (2.1).



10

@ @ Zg
I 5
= —_— 2 = — =
j=H D = j=" D —— =
W =) w =)
z (R)Z » E
g - g 3
= - = @ -
: = : £
) @l =

@7 = Tonophore = Chromoionophore
= Ton-exchanger = Analyte @ = H*

Figure 2.5 Response mechanism of ion selective optode.
Mgy + ZLorg) + NCHr gy + Rigrgy = MLy 0y + NCiorg) + NH gy + Riprgy (2.1

where z is the metal ion-ionophore complex ratio. According to the ion-exchange
equilibrium from Equation (2.1), the ion-exchange constant (K} ;,) can be calculated

as Equation (2.2).

M _ [ML}*]H*MC
Exch — [MD+][CH*+]?[L]?

K (2.2)

From Equation (2.2), the response function for M"" can be derived into Equation

2.3),
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L and C

where 1-at is the degree of protonation of the chromoionophore, and R* , L, ot

are the total concentration of ion-exchanger, ionophore and chromoionophore in the
hydrophobic phase, respectively. The degree of deprotonation of chromoionophore (Qt)

can be acquired by experimental data according to Equation (2.4).

o =Nl /7y fprot—A (2.4)

[Ctot] Aprot_Adeprot

where A, A and A

prot depror &€ the absorbance of chromoionophore in equilibrium,

chromoionophore in fully protonated form (o0 = 0), and chromoionophore in fully
deprotonated form (o = 1), respectively, and C is the concentration of deprotonated

form of chromoionophore. To obtain A and A the optode sensors are immersed

deprot?
in the acid and base solutions, respectively (normally using 1 M HNO, and 1 M
NaOH), and the optode sensors are immersed into the sample solutions containing
target ion (M) to obtain A.

To acquire the response curve for M" detection, the degree of protonation of
chromoionophore is ploted as a function of logarithm of the concentration of M"" while

other terms are kept constant. The sigmoidal curve from calculation which is fitted to

the experimental data by varying KM . can be obtained as shown in Figure 2.6.
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Figure 2.6 Sigmoidal response curve of the ISOs.

2.2 Paper-based analytical device
2.2.1 Characteristics of paper-based analytical device

Paper-based analytical devices (PADs) are one of microfluidic platforms which
was first introduced by Whitesides group in 2007 [31]. PADs have the same some
characteristics with the conventional microfiluidic devices. The excellent
characteristics of cellulose paper are flexibility, high surface and pores which can
transport the liquids via capillary forces within the cellulose fiber network, so the
external pumping for the liquid flows is not required. Since there are many advantages
of PADs such as a portable, light weight, stability, ease of maintaining, easy to use,
low cost device, and environmental friendliness [32], PADs have been attended for
chemical sensor applications [33, 34]. Moreover, because of these advantages, PADs
are suitable for using as portable devices for environmental analysis and clinical
diagnostics in developing countries where scientific instruments and well trained users

are insufficient. Some PADs for analytical applications are summarized in Table 2.1.
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Table 2.1 Summary of some paper-based analytical device reported in recent years.

Applications Details Ref.
Clinical Detection of Pseudomonas aeruginosa (PA) in human [35]
diagnostics saliva and tap water using electrochemical detection on
paper
Clinical Simultaneous detections of orthophosphate and calcium [36]
diagnostics ions in human serum for hyperphosphatemia diagnostics
using paper-based device with LED-based fluorescence
detectors
Clinical Detection of two steroids including dexamethasone and [37]
diagnostics prednisolone  in  herbal medicine samples using
electrochemical detection on paper
Environmental  Detection of total ammonia in freshwaters for evaluation of [38]
analysis water quality using acid-base indicator screening on paper
and colorimetric-based detection
Environmental  Simultaneous detections of glycerol, magnesium, and [39]
analysis calcium in biodiesel samples using liquid-liquid

microextraction coulple with colorimetric-based detection

on paper
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2.2.2 Paper-based analytical devices for Ag+ and Hg2+ detection

Since a portable, low cost, and handy device is desired for on-site analysis, the
paper-based analytical devices are one of alternative methods for Ag  and Hg2+
detection. Various paper-based devices incorporating with colorimetric detection
method have been published. There are many researches incorporated paper-based
devices with colorimetric sensing agent such as silver nanoparticles (AgNPs), silver
nanoplate (AgNPLs), gold nanoparticles (AuNPs), platinum nanoparticles (PtNPs),
curcumin nanoparticles (CURNSs), HOTT chelating agent, and ZIF-8/GO nanosheets.
Some recent paper-based analytical devices for Ag or Hg2+ determination are

summarized in Table 2.2.
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2.3 Thread-based analytical device
2.3.1 Characteristics of thread-based analytical device

Threads are one of alternative materials that is utilized for fabrication of
microfluidic devices. Thread-based microfluidic device was first fabricated by Li,
Tian, and Shen in 2010 [49]. The major advantage of thread-based device is
unnecessary patterning of hydrophobic barrier since the liquid can be transported along
the thread via capillary force without requirement of external pumping and a barrier.
Moreover, thread provides more alternative types of materials than paper such as
rayon, nylon, cotton, polyester, wool, natural silk, and etc. The different materials can
provide the difference of wicking property and transportation rate of liquid sample or
reagent along the threads. Thread-based analytical devices were therefore fabricated
for many applications such as food analysis, clinical diagnostics and environmental
analysis. Some recent applications of thread-based analytical devices are summarized

in Table 2.3.
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Table 2.3 Summary of some thread-based analytical device reported in recent years.

Applications Details Ref.

Food analysis Determination of total phenolic and antioxidant in green  [50]
tea samples using cotton thread couple with paper-based
platforms and colorimetric-based detection

Food analysis Detections of ascorbic acid in aqueous sample and [51]
orthodiphenols in olive and sunflower oil samples using
cotton thread combined with paper-based
electrochemical detector at the end of thread

Clinical Detections of protein and nucleic acid in human serum [52]

diagnostics for diagnosing genetic disease in human using thread-
based device and colorimetric-based detection

Clinical Detection of human ferritin in human serum for lung [53]

diagnostics cancer diagnosis using immunoassay on thread-based

device and electrochemical detection

Environmental Detection of phenol in tap and drinking water using [54]
analysis thread-based device combined with electrochemical
biosensor

2.3.2 Thread-based analytical device for heavy metal detection

Thread-based analytical devices provide several advantages which are suitable
to develop a portable and low-cost device for analytical applications. Some recent
applications of thread-based analytical devices for detection of some metal ions are
summarized in Table 2.4. However, to the best of our knowledge, the applications of

thread-based analytical devices for Ag and Hg2+ detection have never been reported.
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Table 2.4 Summary of some thread-based analytical device reported in recent years.

Analytes Reagents Detection methods Ref.

Cu’ Oxidized Colorimetric-based detection [55]
tetramethylbenzidine

Al Chrome azurol S and Distance-based detection [56]

cetyltrimethylammonium

bromide
Cu%, Zn> Zincon Thermal lens detection [57]
Ni** Dimethylglyoxime Distance-based detection [58]
K Dibenzo-18-crown-6- Colorimetric-based detection [59]
ether
Mg”" Eriochrome black T Distance-based detection [60]
K’ Potassium ionophore I Potentiometric detections [61]
Na' Sodium ionophores X Potentiometric detections [61]
Ca™’ Calcium ionophore II Potentiometric detections [61]

2.4 ISOs Platforms for metal ions detection
2.4.1 The conventional planar films optode

Various previous researches have been reported the ISOs sensors for metals ion
detections using the conventional planar film optodes. To fabricate the classic planar
film optode, the cocktail solution is firstly prepared by dissolving the following
materials: ionophore, ion-exchanger, chromoionophore, hydrophobic polymer, and
plasticizer in an appropriate solvent. The cocktail solutions are then spread on the
supporting transparent material (normally used a glass slide). The detection methods
are performed by using the conventional scientific instruments such as UV -Visible or

fluorescent spectrophotometers. To measure the optical signal from optode planar
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films, the films are directly placed in the optical path of spectrophotometer or in a
flow-through cell for the flow-through system analysis. Some ISOs with a classic thin
film are summarized in Table 2.5, and the chemical structures of some reagents in

Table 2.5 are shown in Figure 2.7.
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Figure 2.7 Chemical structures of ionophores for metal ion detection in previous

works.

2.4.2 Development of ISOs in other platforms

The ISOs on conventional planar film offer some disadvantages such as long
response time, the need of sophisticate scientific instruments, and the use of large
amount of cocktail solution to prepare the sensing films. Many researches developed
the ISOs in various other platforms such as surface of microspheres [62], polymer
swelling [63], and emulsion forming micelles [64]. However, these platforms still

required a huge instrument which often cannot be applied for on-site analysis. Since
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the paper-based and thread-based analytical devices provide many advantages as
previous descript, recently, the sensing process by means of ISOs has incorporated
with paper-based or thread-based analytical devices. The fabrication and detection
methods of some paper-based or thread-based platforms using ISOs as a colorimetric
sensing agent proposed in previous works are summarized as below.

In 2015, Wang, Qin, and Meyerhoff [65] first fabricated the paper-based
analytical device by using ISOs as a colorimetric sensing agent. In their work, the
solution of sensing components including sodium ionophore VI, chromoionophore I,
and KTFPB were introduced to a piece of Whatman filter paper (Grade 5). After the
evaporation of solvent, the paper-based devices were placed in 96 well plates. In
detection method, a sample solution or one of standard solution was gently added to a
well which was contained a paper-based sensor. The pictures of paper-based sensor
were then taken with a smart phone (in dark room and using flash light from smart
phone as light source) and then analyzed the color numerical data (hue-based color)
with ImagelJ. The paper-based optode sensor showed a highly selective with Na over
other common cations (K, Ca’’, Mg2+, and Li") by changing the color of paper from
blue to purplish as shown in Figure 2.8. With their proposed device, Na  concentration

could be detected with the dynamic range from 10 to 10" M.
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Figure 2.8 Picture of paper-based device proposed by Wang and co-workers upon
adding various concentrations of different metal ions (a), and the hue-based response

curve of each metal ion (b) [65].

The colorimetric detection by ISOs systems on the thread-based analytical
device was first introduced by Erenas, Orbe-Paya, and Capitan-Valley in 2016 [59]. In
their work, the optode sensing components including dibenzol8-crown-6-ether,
chromoionophore I, KTpCIPB, PVC, and NPOE were dissolved in THF and added to
the cotton thread in proposed thread-based device as shown in Figure 2.9. After the
evaporation of solvent, a sample solution or one of standard solution was dropped onto
one tail-end of thread (sampling zone) to allow the liquid flow into the detection zone
contained the ISOs sensing agent. The pictures of device were then taken with a digital
camera and then analyzed the color numerical data (hue-based color) with ImagelJ. The
thread-based optode sensor showed a highly selective with K~ over other common
cations (Na', Ca”’, and Mg2+) by changing the color of paper from blue to magenta.
With their proposed device, K concentration could be detected with the dynamic

range from 2.4x107to 0.95 M.
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Figure 2.9 The design of thread-based analytical device proposed by Erenas and co-
workers (a), a real picture of thread-based device (b), and the hue-based response

curve of K'(c) [59].

In 2018, Gerold, Bakker, and Henry [66] fabricated the paper-based analytical
device by using ISOs as a colorimetric sensing agent. In their work, ISOs was first
synthesized into the platform of optode nanosphere. The cocktail solution of sensing
components including potassium ionophore I, chromoionophore I, NaTFPB, and
Pluronic F-127 in THF as a solvent was injected into H,O using a micropipette. After
the evaporation of THF, the suspension of optode nanosphere with 178 nm in diameter
was formed (characterized by dynamic light scattering). In detection method, the
optode nanosphere was pipette onto the wax printed paper-based device, and a sample
solution or one of standard solution was gently added to the same position of optode
nanosphere. The pictures of paper-based sensor were then taken with a digital camera
and then analyzed the color numerical data with ImageJ. The paper-based optode
sensor showed a highly selective with K~ over other common cations (Na', Li', and
Mg%) by changing the color of paper from blue to reddish-purple as shown in Figure
2.10. With their proposed device, K" concentration could be detected with the dynamic

range from 0.1 to 5 mM.
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Figure 2.10 Picture of paper-based device proposed by Gerold and co-workers upon

adding various concentration of K'(a), and the response curve of K (b) [66].

In 2018 Shibata and co-workers [67] developed the colorimetric Na' analysis
using ISOs system in paper-based platform. The optode sensing components including
sodium ionophore IV, chromoionophore I, KTpCIPB, PVC, and DOS were dissolved
in cyclohexanone, and the cocktail solution was deposited onto the detection area of
the proposed device as shown in Figure 2.11 by printing technique. The Na' detection
method was performed by dropping a sample or one of standard solution onto the inlet
area of proposed device. The picture of the bottom side of device was taken with a
scanner and then analyzed the color numerical data with Imagel. The paper-based
optode sensor showed a highly selective with Na over other common cations (K, Li’,
Ca”’, and Mg2+) by changing the color of paper from blue to red. With their proposed

device, Na' concentration could be detected with the dynamic range from 10°to 1 M.
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Figure 2.11 The design of paper-based analytical device for Na detection proposed by

Shibata and co-workers [67].

In 2019, a paper-based analytical device using the ISOs systems was
incorporated with distance-based detection for Ca”’ analysis by Shibata, Hiruta, and
Citterio [68]. In their work, ISOs was first synthesized into the platform of optode
nanosphere. The cocktail solution of sensing components including calcium ionophore
IV, chromoionophore I, NaTFPB, and Pluronic F-127 in THF as a solvent was injected
into H,O on a vortex mixure with a spinning speed of 1000 rpm. After removal of THF
by ejection with N,, the suspension of optode nanosphere with approximately 200 nm
in diameter was formed (characterized by dynamic light scattering). The proposed
paper-based device was fabricated by wax printing technique with a pattern as shown
in Figure 2.12. The optode nanosphere suspensions were inkjet-printed onto along the
channel of the device. To perform Ca”' analysis with distance-based assay method, a
sample or one of standard solution was applied to the inlet area of proposed device.

The device was then incubated to allow the liquid flow along the detection channel.
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After that, the lengths of the color change were measured by the naked-eye visual
readout. The paper-based optode sensor showed a highly selective with Ca’" over other
common cations (Na', K', Li’, and Mg2+) and some heavy metals cations (Zn™, Cu™,
Ni*, Hg2+, and AI'"). With their proposed device, Ca’" concentration could be detected
with the dynamic range from 0.05 to 5 mM. Their research showed that the
incorporating of paper-based ISOs device with distance-based analysis could eliminate
the requirement of digital camera which make them more facile than colorimetric
detection method.

The chemical structures of some reagents in Section 2.4.2 are shown in Figure

2.13
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Figure 2.12 The design of paper-based analytical device and the detection procedures

for Ca’* detection proposed by Shibata and co-workers [68].
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Figure 2.13 Chemical structures of some reagents in Section 2.4.2

29



CHAPTER III

EXPERIMENTAL

3.1 Reagents and materials

All reagents were used without future purification. List of all reagents used in

this research is shown in Table 3.1

Table 3.1 List of all reagents using in this research

Reagents Manufacturers Grade
25,27-Di(benzothiazolyl)-26,28- Supramolecular -
hydroxycalix[4]arene (CU1) Chemistry

Research Unit

(SCRU)

High molecular weight polyvinyl chloride Sigma-Aldrich Selectophore®
(PVC)

Bis(2-ethylhexyl) sebacate (DOS) Sigma-Aldrich Selectophore”
Potassium tetrakis(4-chlorophenyl)borate Sigma-Aldrich Selectophore®
(KTpCIPB)

9-(Diethylamino)-5-(octadecanoylimino) - Sigma-Aldrich Selectophore”
5H-benzo[a]phenoxazine

(chromoionophore I)
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Reagents Manufacturers Grade
9-Dimethylamino-5-4-(15-butyl-1,13-dioxo-  Sigma-Aldrich Selectophore®
2,14-dioxanonadecyl)

phenyliminobenzoaphenoxazine

(chromoionophore VII)

3',3".5',5"-Tetrabromophenolph- Sigma-Aldrich Selectophore®
thaleinethyl ester

(chromoionophore VIII)

2-[2-(9-Acridinyl)vinyl]-5- Sigma-Aldrich Selectophore®
(diethylamino)phenyl stearate

(chromoionophore XIV)

Tetrahydrofuran (THF) Sigma-Aldrich Selectophore”
Sodium nitrate Fluka AR Grade
Magnesium nitrate Merck AR Grade
Potassium nitrate Merck AR Grade
Calcium nitrate tetrahydrate Ajax Finechem AR Grade
Chromium(III) nitrate nonahydrate Fisher Scientific AR Grade
Iron(III) nitrate Merck AR Grade
Cobalt(II) nitrate hexahydrate Fisher Scientific =~ AR Grade
Nickel(I) nitrate hexahydrate Carlo Erba AR Grade
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Reagents Manufacturers Grade

Copper(Il) nitrate trihydrate Merck AR Grade
Zinc(II) nitrate Merck AR Grade
Cadmium(II) nitrate tetrahydrate Carlo Erba AR Grade
Lead(II) nitrate Honey well AR Grade
Sodium chloride Fisher Scientific AR Grade
Sodium acetate anhydrous Carlo Erba AR Grade
Sodium tetraborate Merck AR Grade
Sodium carbonate anhydrous J.T.Baker AR Grade
Glacial acetic acid Merck AR Grade
Citric acid monohydrous Carlo Erba AR Grade
Tri-sodium citrate dehydrate Fisher Scientific AR Grade
Boric acid Merck AR Grade

All aqueous solutions were prepared in ultrapure water which was obtained
from water purification system (Millipore) with a resistivity of 18.2 M€ .cm. Filter
paper including Whatman No.1 (Grade 1, 180 pum in thickness) and No.42 (Grade 42,
200 pum in thickness) were acquired from GE Healthcare UK limited
(Buckinghamshire, U.K.). 100% Polyester sewing thread was purchased from local

community store in Bangkok, Thailand.

3.2 Apparatus

The cocktail solution was shaken using a vortex mixer to homogenize the
mixer. All pictures were taken with a DSLR camera (Nikon D5200), and a cube light

box with a stable LED light source was used to control the ambient light. The
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absorption spectra of the optode nanosphere were acquired from Hewlett-Packard 8453
UV-Visible spectrophotometer, Germany. The particle size distribution profile of the
optode nanosphere was evaluated by dynamic light scattering (DLS), Zetasizer Nano
ZSP, Malvern, UK. The pH values of solutions were measured using a benchtop pH
meter, Mettler Toledo FE20 F iveEasyTM Plus, Switzerland. The concentrations of Ag"
and Hg2+ in samples were analyzed by inductively coupled plasma optical emission

spectrometer, Thermo Scientific, model iCAP 6500 series.

3.3 Ion selective optode in a platform of paper-based analytical device
3.3.1 Paper-based device preparation

To prepare the cocktail solutions, CU1, KTpCIPB, chromoionophore XIV,
PVC, and DOS were weighed in an empty 12 mL glass bottle according to the weight
shown in Table 3.2 (total weight of 90 mg). Then, 2 mL of THF was added using a
micropipette, and the mixer solution was shaken in a vortex mixer to homogenize
mixer. After that, the filter paper was cut into a piece of 1 X 5 cm’, and the 4 uL of the
prepared cocktail solution was dropped onto a piece of filter paper. To repeat the
detection, 3x4 uL of cocktail solution were dropped onto the different positions in the
same filter paper. After THF was evaporated (around 5 min at ambient temperature),
three circles of blue color with 8.4 + 0.5 mm on the filter paper were observed. These

blue circles were used as the detection zone for colorimetric detection.
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Table 3.2 Cocktail compositions for paper-based device preparation.

Chemicals % Chromoionophore XIV (% mol relative to KTpCIPB)

25% 50% 75%

Amount Weight  Amount Weight Amount Weight

(mmol kg_l) (mg) (mmol kg'l) (mg) (mmol kg']) (mg)
CU1 10.94 0.71 10.94 0.71 10.94 0.71
KTpCIPB 7.47 0.33 7.47 0.33 7.47 0.33
Chromoionophore XV 1 g7 0.11 3.74 0.21 5.60 0.32
PVC - 29.61 ¢ 29.58 - 29.55
DOS - 59.24 - 59.16 - 59.09

3.3.2 Colorimetric Ag+ and Hg2+ quantitative detection using paper-based

device

The working solutions were prepared by adding 3 mL of sample or standard
solution, 500 uL of 0.1 M acetic-acetate buffer, and 250 puL of 0.1 M masking agent
(NaCl or EDTA) into a 5 mL volumetric flask. The final volume was then filled by
milli-Q water. After that, a prepared paper-based device was immersed into the
working solution. After 10 or 15 min for Ag’ or Hg2+ detection, respectively, a picture
of paper-based device was taken by placing the paper strip on a plastic sheet, and the
photography was performed in a cube light box with a stable LED light source to
obtain the same ambient light of all pictures. Moreover, to obtain the same light
exposure of all pictures, DSLR camera was used in M mode. Three main parameters of
DSLR camera including ISO (gain), F (aperture), and shutter speed were kept constant
of IS0O200, F5.6, and 1/640 s, respectively. The fabrication and detection method of

paper-based device are illustrated in Figure 3.1
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Figure 3.1 Schematic illustration of the preparation and detection method of the

proposed paper-based device.
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3.3.3 Image analysis

The pictures acquisitions were further analyzed by ImageJ software to earn the
RGB (Red-Green-Blue) color intensity values of detection zone. The RGB color
intensity can be transferred into various numerical color data such as HSV (HSB),
CMY, CIE L'a’b color space, and etc [69, 70]. In this work, CIE L'a’b color space

was obtained by using free online site (hitp:/colorizer.org/). The values of L'a’b” were

further calculated into 4 E by using Equation (3.1), when AL", Ad’, and Ab” are the
difference of L (lightness from black to white), a (green to red), and b (blue to
yellow) between the color of strip after immersing in buffer and standard or sample

solutions. Finally, the acquired AE was used to plot a calibration response according to

Equation (3.2).

AE = \/(AL")? + (4a*)? + (4b*)? (3.1)

_ A;—4A;
T 1 t+eog[M™t]-xg)/dx

AE

+ A, (3.2)

3.4 Ion selective optode in a platform of thread-based analytical device
3.4.1 Ion selective optode nanosphere preparation

The optode nanosphere preparation method was adapted according to previous
report [66] as follows: 0.84 mg of CU1, 0.40 mg of KTpCIPB, 0.38 mg of
Chromoionophore XIV, 2.4 mg of DOS, and 2.0 mg of pluronic p123 were dissolved
in 1.20 mL of THF, and the mixture was shaken by a vortex mixer. Then, 1.0 mL of
prepared solution was gradually dropped into 3.0 mL of milli-Q water with a spinning
speed of 300 rpm. After that, THF was removed by blowing the solution with N, gas

until 60% weight of solution remaining. The prepared optode nanosphere was stored in


http://colorizer.org/
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a refrigerator for further use. The fabrication scheme of optode nanosphere is

illustrated in Figure 3.2

®

®
S =
@/ 1 mL
N

Cocktail solution

no, — —>
<Y

Blown with N, gas 60 % weigth remaining

300 rpm of spinning speed (optode nanosphere)

Figure 3.2 Schematic illustration of the preparation of optode nanosphere.

3.4.2 Study of ISOs nanosphere characteristic by UV-Visible

spectrophotometry

To study the property of the optode nanosphere acquisition, four parameters
including effect of pH, Ag" concentrations, Hg2+ concentrations, and selectivity of the
optode nanosphere were investigated. The absorptions of the optode nanosphere in the
aqueous solution with different conditions were measured. For the pH effect, citric—
citrate (pH 3.0), acetic—acetate (pH 4.0 — 6.0), and boric—borate (pH 7.0 — 10.0) buffer
solutions were prepared in the concentrations of 0.01 M with different pH values

consisting of pH 3.0 to 10.0. Various concentrations of Ag" or Hg2+ in acetic-acetate
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buffer solution at pH 5.0 were also studied. Moreover, other metal ions including Na",
K+, Mg2+, Ca2+, Cr3+, Fe3+, C02+, Ni2+, Cu2+, Zn2+, Cd2+, and Pb>" were prepared in the
concentration of 1 mM with acetic-acetate buffer at pH 5.0. The absorption spectra
were recorded using UV-Visible spectrophotometer by adding 50 pL of the optode

nanosphere dispersion to 2 mL of each solution.

3.4.3 Thread-based device preparation

The 100% polyester thread was purchased from a local community store,
Bangkok, Thailand. To remove undesirable impurities and natural waxes presented on
the thread surface, thread was boiled in 10 mg mL" Na,CO, solution for 5 min and
washed several times with DI water until pH of washing water was approximately
neutral. The thread was allowed to dry at room temperature and kept in plastic zip bag
for further use. To fabricate thread-based device, threads were cut into approximate 7
cm in length. For marking the positions of the optode nanosphere or the sample
solution drop zone, threads were tied knots in the middle. A plastic sheet was cut into
10.0%20.0 cm” with 5.0x15.0 cm’ vacancy as shown in Figure 3.3. Then, threads were

stretched on the plastic sheet and attached them with adhesive tape on the end.
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Figure 3.3 Schematic illustration of the proposed thread-based device.

3.4.4 Distance-based Ag+ and Hg2+ quantification

3 mL of sample solution or one of the standard aqueous solutions and 500 puL

of 0.1 M acetic-acetate buffer were mixed in a 5 mL of volumetric flask, and milli-Q

water was filled to final volume. 3 pL of the optode nanosphere was dropped onto a

knot in the middle of thread using micropipette and then allowed to dry in ambient

temperature. To increase the amount of sensing particles attached on the thread

surface, 3 uL of optode nanosphere suspension was repeatedly dropped onto the same

knot 3 times. To determine Hg2+ or Ag concentrations by using the length

measurement method, 3 pL of the prepared sample solutions were repeatedly dropped

onto the knots of thread. After repeatedly dropping the sample solution onto the same

knot 15 times (total volume = 45 pL), the distance of the color change was then

measured by using a ruler to determine Ag’ or Hg2+ concentrations. The detection

merthod by the proposed thread-based analytical device is illustrated in Figure 3.4
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Figure 3.4 Schematic illustration of the detection method by the proposed thread-

based device.

3.5 Real sample analysis

To apply the proposed optode devices for quantitative determination of Ag " and
Hg2+ in real samples, the determination of target ions in various aqueous sample
solutions were performed. Real water samples were collected from diverse local
sources in Thailand including the water from commercial bottled water, tap water,
pond water, and agricultural wastewater. These water samples were filtered through
filter paper No.1 and stored in plastic bottles. The pHs of solutions were first adjusted
to working pH (pH ~ 5) using 1 M HNO, before used. To identify the accuracy of the
proposed method, the determinations of Ag” and Hg2+ in real water samples were
performed using spiked technique. Then, the experiment was performed with the same
method as descripted in Section 3.3.2 for paper-based device and Section 3.4.4 for
thread-based device. Moreover, the proposed paper-based devices were also applied to
determine the total silver in a cleaning product sample containing silver nanoparticles

(AgNPs). The ingredient list in cleaning product sample as shown below;
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ingredient in 100 mL of product including
— pure silver (99.99%) 10 mg
— polyvinylpyrrolidone (PVP) 120 mg
— ethyl alcohol 10 mL

— water 90 mL.

To determine the amount of Ag” in sample with the proposed device, AgNPs in
sample were first oxidized to silver ion using oxidizing agent. The cleaning product
sample was diluted 18 folds in a volumetric flask (50 mL) with milli-Q water. 30%
H,0, was added to the solution and stirred for 2 h. To identify the accuracy of the
proposed method, spiking technique was performed. The experiment was then
performed with the same method as descripted in Section 3.3.2. Finally, the amounts

of Ag’ and Hg2+ in real samples were also determined with ICP-OES.
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CHAPTER 1V

RESULTS AND DISCUSSION

4.1 Characteristic of CU1 to selectivity of ISOs

CUl is a derivative of calix[4]arene which has two benzothiazole groups in its
structure as shown in Figure 4.1. Two sulfur atoms in its structure cause the
inclination of CU1 to bind with some soft cations. As reported in previous research
[28], CU1 showed a highly selective binding with Ag" in an ion-selective electrodes
(ISEs) platform. However, it was found that the Ag' detection using ISEs suffered the
interfering from Hg2+ because of the same mercaptophilic property and the similar
ionic radius. For this reason, the use of CU1 as an ion-selective ionophore in our

proposed platforms showed the capability of the proposed ISOs for dual detection of
both Ag” and Hg%.

Figure 4.1 Chemical structure of CU1.
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4.2 Study of types of chromoionophore

The concentrations of target ions were observed by the color change of
chromoionophore. Hence, four types of commercial lipophilic pH indicator including
chromoionophore I, VII, VIII, XIV (the chemical structures shown in Figure 2.3) were
investigated. The proposed paper-based devices were prepared according to the
procedure in Section 3.3.1 by using the different types of chromoionophore. The
criterions to select type of chromoionophore were the chromoionophore which
provided high AE and also high selectivity for Ag’ and Hg2+ detection using the
prepared paper-based device. To investigate these, the prepared paper-based devices
were immersed in different metal ion solutions (1 mM) and different pHs of buffer
solutions (10 mM). Affter 15 min, the pictures of the paper-based devices were taken
and AE was further calculated.

The pictures and AE of the paper-based device prepared using
chromoionophore I are shown in Figure 4.2a. The most clearly color change of the
paper-based device from blue to purple in the presence of Ag” and Hg2+ at pH 8.0 was
observed. However, the color change was not obviously observed by the naked eye.

The pictures and AE of the paper-based device prepared using
chromoionophore VII are shown in Figure 4.2b. The most clearly color change of the
paper-based device from purple to red in the presence of Ag and Hg2+ at pH 5.0, 6.0,
and 8.0 was observed. However, the color change was not obviously observed by the
naked eye.

The pictures and AE of the paper-based device prepared using
chromoionophore VIII are shown in Figure 4.2¢. The most clearly color change of the
paper-based device from yellow to blue in the presence of Ag” and Hg2+ at pH 8.0 was
observed. However, the paper-based device suffers low selective property.

The pictures and AE of the paper-based device prepared using
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chromoionophore XIV are shown in Figure 4.2d. The most clearly color change of the
paper-based device from blue to yellow in the presence of Ag' and Hg2+ at pH 5.0 was
observed. The color change of the device was obviously observed by the naked eye,
and high selective property with only Ag” and Hg2+ at this pH was acquired. Therefore,

chromoionophore XIV was chosen for further studies.

60 60
(a) Chromoionophore I (b) Chromoionophore VII
so | mpHS watter [ [ co [ Nt [ curt [ zot [ agt [ ca [ mg™ [ po batfer | G | ot | Ni* | Cu | Zot* | Age | Cab* | Hg | b
5 : 50
pHS MpHS[pHS
-pHG H 6
pH6 mpHG6| PHE
40 dh
PHS [Ty 40 5 [0 | B a
pHS J
4E 30 AE 30
20 20
o [mml ‘ | A ot wll il el
Co? *Agh cd* HE' Pb* o't ot Nt Cutt Zn? g* cd* Hg*
60 60
(c) Chromoionophore VIII (d) Chromoionophore XIV
R Wifer | Cr* | Co™* | Nit* | Cut* | Zn® | Age | Ca® | Hg™ | Pb R ot ] el [ el 2l I
20 EmpHS DHE 59 EpHS [pHS
®pHG (e 0 mpHG | PHE
PHS |pHS pHS e
4E 30 4E 30
20 20
10 10
ot Cott Nt cutt Zn®t .g+ cd* Hg* pp*t ot Cott Nt cutt Zn Ag‘ cd* Hg™

Figure 4.2 AE and pictures of the paper-based device using chromoionophore I (a),

VII (b), VIII (¢), and XIV (d) (75% relative to mole of KTpCIPB)

4.3 Ion selective optode in a platform of paper-based analytical device
4.3.1. Response behavior of ISOs on paper-based analytical device

The hydrophobic plasticized-based PVC containing CU1 as an ionophore,
KTpCIPB as an ion-exchenger, and chromoionophore XIV as a lipophilic pH indicator

was introduced to the cellulose filter paper by dropping the cocktail solution directly
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using a micropipette. After the evaporation of THF, the plasticized-based sensing
component was coated on surface or trapped in pores of filter paper. Since the
properties of cellulose paper were hydrophilic and high surface to volume ratio, high
contact surface between the sensing component and aqueous sample solution was
acquired. We assumed that the optode mechanism was an identical mechanism with
the conventional planar film optode. According to Equation (2.1), the sensing
mechanism was based on the cation-exchange process of target ion (Ag' or Hg2+) and
hydrogen ion (H') between water surrounding and hydrophobic plasticized-based PVC
consisting of CU1 (L), chromoionophore XIV (C), and KTpCIPB (R ). CU1 extracted
Ag or Hg2+ from water to hydrophobic plasticized-based PVC while H' from
chromoionophore XIV (CH") was released to water to maintain the electroneutrality.
Hence, the color of the hydrophobic plasticized-based PVC on cellulose filter paper
was changed from blue (CH") to yellow (C).

The best fit for experimental data with the theoretical line from Equation (2.3)
is shown in Figure 4.3. The solid lines were the calculation lines and the circle spots
were the experimental data. The results showed that the correlation coefficients (R2)
were 0.9865 and 0.9567 for Ag  and Hg2+, respectively. However, the fitting AE
directly to the Boltzman equation (Equation (3.2)) showed better correlations with R’
more than 0.99 (see Figure 4.12 in Section 4.3.8). Moreover, the fitting experimental
data with optode response function in Equation (2.3) was necessary to use the signals
from fully protonated form and fully deprotonated form of chromoionophore.
Therefore, to simplify the experiment by avoidance the measuring signals of fully
protonated form and fully deprotonated form of chromoionophore and achieve the
better correlation, AE were used directly in a calibration response according to

Equation (3.2) [59, 65, 69-71].
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Figure 4.3 Sigmoidal response curves of the paper-based optode for Ag" (a) and Hg2+
(b).

4.3.2 Effect of filter paper types

Three different concentrations of analytes were used to show the effect of
paper types on the color difference (4E). Filter paper No.42 provided higher AE values
than filter paper No.1 at all Ag" and Hg2+ concentrations as shown in Figure 4.4. The
different responses may be due to the different pore sizes of cellulose paper (2.5 pm
and 11 um for No.42 and No.l, respectively). A higher surface-to-volume ratio
(smaller pores) results in stronger colorimetric signals since a larger amount of
plasticized PVC phase was located at the surface of cellulose fibers. Hence, the filter

paper No.42 was chosen for further experiments.
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Figure 4.4 Effect of paper types on the response of sensor in acetic-acetate buffer pH
5.0 with the immersing time of 10 min for Ag'(a) and Hg2+ (b) at different

concentrations.

4.3.3 Cocktail composition

The amounts of all components in the hydrophobic plastized-based sensing
polymer were leading to responses of paper-based optode device. 90 mg of all sensing
components including CU1 (L), KTpCIPB (R ), chromoionophore XIV (C), PVC, and
DOS were dissolved in 2 mL of THF. The weight of PVC and DOS was kept constant
at a ratio of 1:2 (PVC:DOS). The amount of L, R , and C was kept in the order of L >
R > C to obtain the good sensitivity according to previous report [21]. In this work,
10.94 mmol kg™ of CU1 and 7.47 mmol kg of KTpCIPB in the cocktail solution were
fixed following a condition in ISEs from previous work [28]. To optimize the
concentration of chromoionophore XIV, 25% (1.87 mmol kg'l), 50% (3.74 mmol kg'l),
and 75% (5.60 mmol kg'l) of chromoionophore XIV (percentage relative to amount of
KTpCIPB) were studied. The response curves fitted with Equation (3.2) of three
different amounts of chromoionophore XIV are shown in Figure 4.5. The results

clearly showed that the increase of the percentage of chromoiophore in the sensing
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phase led to the higher 4 E of the paper-based device. The highest 4E was found when
75% of chromoionophore XIV in the cocktail solution was prepared. Hence, 75% of

chromoionophore XIV was selected for the cocktail preparation.

30
(@) 75%

_475%

25
_—
vl 50%

20 /
AE 15

10

50%

25%
25%

-5
log [Hg*']

Figure 4.5 Sigmoidal response curves of the paper-based device with different
amounts of chromoionophore XIV for Ag’ (a) and Hg2+ (b) in 0.01 M acetic-acetate

buffer at pH 5.0 with the immersing time of 10 min.

4.3.4 Effect of pH

Because the optode sensing process is implicated with the exchange
equilibrium of matal ions (M™) and proton (H') between two phases, pH of solution
can affect some of the parameters such as LOD, working range, and selectivity of
optode. Hence, the effect of pH of the working solution was studied. The response
curves fitted with Equation (3.2) of three different pH values including pH 4.0, 5.0,
and 6.0 were obtained as shown in Figure 4.6. The results showed that both of Ag” and
Hg2+ response curves shifted to a lower concentration range when pH increased from
4.0 to 6.0, so the maximum response (highest 4 E) could be obtained when the pH of
solution was 6.0. However, at pH 6.0, some metal ions such as Cu2+, Pb2+, and Cr"'

could interfere Ag” and Hg2+ detections as shown in term of the selectivity coefficient
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according to Table 4.1 (see in Section 4.3.6). The interference of some metal ions at
higher pH may be due to the non-selective binding between deprotonated hydroxyl
group (phenolate group) of CU1 and some borderline or hard metal ions such as Cu”’
and Pb>". For this reason, the recognition of CU1 with these interfering metal ions was
increased. Hence, the working solution was prepared in the buffer solution pH 5.0 for

further experiment to achieve a low limit of detection and better selectivity.

30 - 30 -

@) (b)

25 - 25

20 - 20

pH6.0 pHS.0 pH40

4E 15 - UE 15 4

10 - 10

-5 -4
log [Hg*]

Figure 4.6 Effect of pH on the sigmoidal response curves of sensor for Ag' (a) and
Hg,2+ (b) in 0.01 M acetic-acetate buffer at pH 4.0 — 6.0 with the immersing time of 10

min.

4.3.5 Response time

The Ag and Hg2+ determinations were performed by immersing the paper-
based device into the working solutions, so the immersion time of the determination
method was evaluated. To study this parameter, 0.1 uM — | mM of Ag’ and 0.1 pM —
50 uM of Hg2+ were prepared, and the paper strips were immersed into these solutions.
The pictures of the paper strip were taken with various fixed times from 0 to 40 min.
The color changes (4 E) of the detection zone were plotted as a function of time as

shown in Figure 4.7. For Ag' detection (Figure 4.7a), to acquire a steady response, the
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strips had to be immersed into the solution at least 10 min. In the case of Hg >
detection, the strips had to be immersed into the 50 uM solution around 10-20 min to
obtain a steady response (Figure 4.7b). However, 4 E continuously increased even the
time up to 40 min for the strip immersed in highly diluted Hg2+ concentration from 1 to
25 uM. The long response times in highly diluted solutions were due to the slow mass
transport of ions from the bulk of solution to reach a required absolute amount of them
in sensing phase [22, 25]. To perform the detection method in a shortest time, the
fixed-time method was chosen for further experiments. For this reason, 10 min and 15

min of immersion time were fixed for Ag" and Hg2+, respectively.
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Figure 4.7 Response times of the paper-based optode device in the presence of various
concentrations of Ag' (a) and Hg2+ (b) in 0.01 M acetic-acetate buffer at pH 5.0 with 5
mM EDTA and 5 mM NaCl as a masking agent for Ag and Hg,2+ detections,

respectively.

4.3.6 Selectivity of paper-based optode device

The selectivity of the paper-based optode device was studied using separate
solution method (SSM) [72]. Various concentrations of metal ions including Na', K,
Ag+, Mg%, Ca2+, Co%, Ni2+, Cu2+, Zn2+, Cd2+, Hg2+, Pb2+, Cr3+, and Fe'  were separately

prepared. The detection methods of each metal ions using proposed paper-based device
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were performed according to the procedure in Section 3.3.2 without adding masking
agents. The response curves of the paper-based device for different metal ions are
demonstrated in Figure 4.8. The paper strips were also immersed in 1 M HNO; and 1
M NaOH to acquire fully protonated form and fully deprotonated form, respectively.
To assess the selectivity of the paper-based optode sensor, the logarithm of selectivity
coefficients were calculated by measuring the horizontal interval between half
deprotonation points of Hg2+ and each metal ions response curves [65]. According to
results in Figure 4.8 and the logarithm of the selectivity coefficients in Table 4.1, the
paper-based optode device showed a highly selective with Ag’ and Hg2+ over the other
metal ions. Since the same mercaptophilic property and the similar ionic radius were
found in Ag and Hg2+ [73], the optode showed highly selective with Ag and Hg2+ in
the buffer solution pH 5.0 with the logarithm of the selectivity coefficients were — 0.7

over Ag+, —4.2 over Fe3+, and less than — 5.0 over others cations.

0 T ¥ f 2 T

- 6T R Sttt el o 0
Fully protonated form

Figure 4.8 Response curves of the paper-based optode device toward different metal

ions in 0.01 M acetic-acetate buffer at pH 5.0 with the immersion time of 10 min.
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Table 4.1 Logarithm of the selectivity coefficients at pH 5.0 and 6.0 of the paper strip

based Hg2+ selective optode.

log of selectivity coefficient

Metal ions pH 6.0 pH 5.0

Hg™ 0.0 0.0
Ag' -0.5 -0.7
cu”’ —22  <-50
Pb”’ —38 <-50
cr’ —39 <-50
Fe’ 43 —42
K —44 <-50
Co™" —46 <-50
Na’ <-50 <-50
Mg”" <-50 <-50
Ca”’ <-50 <-50
Ni* <-50 <-50
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4.3.7 Determination of Ag+ and Hg2+ in mixing solution

From selectivity study according to Section 4.3.6, the proposed paper-based
optode device showed a highly selective with both Ag” and Hg2+ by changing the color
from blue to yellow as seen in the Figure 4.9a. To achieve the dual determination in
mixing solution, some masking agents were required. For Ag" detection, EDTA was
used to eliminate Hg2+ by forming Hg2+-EDTA complex [74]. On the other hand, for
Hg2+ detection, Cl was used to eliminate Ag’ by precipitation of AgCI(s). To examine
this assumption, separated Ag  and Hg2+ solutions were prepared in the presence of 5
mM of these masking agents. The response curves of Ag” and Hg2+ in the presence of 5
mM EDTA and 5 mM NaCl are shown in Figure 4.10a and Figure 4.10b,
respectively. The results showed that only the sigmoidal response curve of Ag' was
found in the solution with 5 mM EDTA. On the other hand, only the sigmoidal
response curve of Hg2+ was found in the solution with 5 mM NaCl. For the Hg2+
detection by elimination of Ag" with precipitation method, the precipitate of AgCI(s)
may be occurred. However, the strip can be directly immersed into a turbid solution for
Hg2+ determination without further filtration. The use of EDTA and NaCl as a masking
agents showed that the interference from Hg2+and Ag’ could be eliminated up to the
concentration of 50 uM (10 ppm) and 4 mM (431 ppm), respectively. The colors of the

paper strip after immersing in various metal ions solutions in the presence of NaCl and

EDTA as masking agents are shown in Figure 4.9a and Figure 4.9b, respectively.
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Figure 4.9 Pictures of the paper-based optode device after immersing in the different
solutions of 1 mM metal ions without masking agents (a), with 5 mM NaCl (b), and
with 10 mM EDTA (c) as masking agents in 0.01 M acetic-acetate buffer at pH 5.0

with the immersing times of 10 min for (a), (¢) and 15 min for (b).
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Figure 4.10 Response curves of Ag and Hg” ' in the presence of 5 mM EDTA (a) and
5 mM NacCl (b) in 0.01 M acetic-acetate buffer at pH 5.0 with the immersion time of

10 and 15 min for Ag" and Hg2+, respectively.
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The dual detection of Ag” and Hg2+ in mixing solutions using the proposed
paper-based optode device was performed. In this experiment, two concentrations of
Ag including 20 and 100 pM were prepared by mixing with 2.5 or 8.0 uM of Hg2+.
The solutions were then divided into two detection procedures including Ag " and Hg2+
detections. As mentioned above, one of mixing solution in the presence of 5 mM
EDTA was prepared to detect only Ag'. On the other hand, another mixing solution in
the presence of 5 mM NaCl was prepared to detect only Hg2+. After that, these
solutions were determined Ag' or Hg2+ concentrations using the proposed paper-based
optode devices. The results in Table 4.2 showed that the determination of Ag" and
Hg2+ in the mixing solutions using the proposed devices was achieved with %relative
error within £10%. It demonstrated that the proposed paper-based device was able to

use for dual detection of Ag’ and Hg2+ in their mixing solution.

Table 4.2 The dual determination of Ag" and Hg2+ in the mixing solutions

Concentrations
%Relative error

Solutions  Prepared (uM) Observed (uM)

Ag’ Hg2+ Ag’ Hg2+ Ag’ Hg2+
1 20 2.5 19.1 £04 23+02 —4.5 —-8.0
2 20 8.0 22.0+09 8.1+0.3 +10.0 +1.3
3 100 2.5 949+7.6 25+0.1 -5.1 0.0
4 100 8.0 90.3+8.7 76+0.5 -9.7 -5.0

4.3.8. Analytical Performance of the proposed paper-based analytical device

The standard solutions of Ag and Hg were prepared in the concentration
ranges of 0.1 — 5000 uM for Ag and 0.1 — 50 uM for Hg2+, and the detection method

was performed according to the procedure in Section 3.3.2. The pictures of the paper-
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based device after immersing in various concentrations of Ag and Hg2+ are shown in
Figure 4.11a and Figure 4.11b, respectively. The color changes (4 E) were plotted as
a function of logarithm of Ag or Hg concentrations as shown in Figure 4.12. The
experimental data was fitted to the sigmoidal relationship calculated from the
Boltzman equation [59, 71] as shown in Equation 3.2 where A, A,, x,, and dx in the
Boltzman equation for Ag’ and Hg' calibrations are the parameters given in Table 4.3.
Moreover, the other analytical parameters obtained from the proposed paper-based
device including correlation coefficients (R?), limit of detections (LOD), dynamic
ranges, and inter-device precision are also indicated in Table 4.3. The LODs were
calculated with a criterion of the concentrations of Ag' or Hg which gave the color
changes signals (4E) to a blank signal plus 3 times the standard deviation of blank [71,
75). The LOD for Ag" detection using the proposed paper-based device was lower than
the median effective concentration (EC,) for silver nanoparticles to induce human
cells death (EC,, = 0.47 mM, AgNPs diameter = 20 nm). The LOD for Hg2+ detection
was near to the LOD obtained from conventional planar film optode (0.2 uM) [25].
Additionally, the inter-device precisions of proposed device were also evaluated using
10 devices, and a good precision with %RSD less than 10% was obtained. All
analytical parameters demonstrated that the proposed paper-based device had the

capabilities for quantitative detection of Ag" and Hg2+.
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Figure 4.11 Pictures of the paper-based optode devices after immersing in various
concentrations of Ag' (a) and Hg2+ (b) in 0.01 M acetic-acetate buffer at pH 5.0 with 5

mM EDTA for (a) and 5 mM NacCl for (b).
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Figure 4.12 Sigmoidal calibrations of Ag" (a) and Hg2+ (b) in 0.01 M acetic-acetate

buffer at pH 5.0 with 5 mM EDTA for (a) and 5 mM NacCl for (b)
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Table 4.3 Adjusting coefficients of Boltzmann equation and analytical parameters for

the Ag” and Hg2+ Sensors.
Boltzmann and analytical parameters
Ag’ detection Hg2+ detection
A, 0.47 +0.12 0.53 +0.26
A, 22.83 +0.55 22.80 +0.75
X, ~3.97+0.03 —5.15+0.03
dx 0.42 +0.02 0.33 +0.03
R’ 0.9990 0.9991
LOD (n=10) 1.92x10 °M (0.21 ppm) 5.74x10"" M (0.12 ppm)
Dynamic range 1.92x10°=5.00x10°M  5.74x10 '—5.00x10°M
Inter-device  precision, 9.8% (5.00x1 0 M) 8.2% (5.00x10 ° M)
%RSD (n=10) 5.7% (3.00x10* M) 8.5% (1.50x10"° M)

4.3.9 Real samples analysis

4.3.9.1 Determination of Ag+ and Hg2+ in real water samples using
paper-based optode device
The paper-based optode device was applied to determine the amount of Ag’
and Hg2+ in real water sample from various water sources including the water from
commercial bottle, domestic tap, and pond water. To study the influence of various
matrices in different water sources, the spiking method was performed. For Ag”
detection, 20, 100, and 400 uM of Ag” were spiked into the sample solutions. From the
results in Table 4.4, the percentage recoveries obtained from the paper-based device
were less than 100% because the precipitation of AgCI(s) was occurred by the chloride
ion in sample. Therefore, the determination of Ag” in real water sample cannot be

performed when the chloride ion is found in the samples. For Hg2+ detection, the
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results are shown in Table 4.5. The percentage recoveries obtained from the paper-
based devices were in the acceptable range of 87— 120% with % RSD less than 10%.
These results demonstrated that the matrices in various water sources did not interfere
the Hg2+ detection by this proposed method. In addition, the results were further
compared with inductively coupled plasma optical emission spectrometry
measurement (ICP-OES). According to results in Table 4.5, the results from the paper-

based device provided a satisfactory agreement with ICP-OES (t_. = 4.30 > tep = 0.59—

cri

3.76, n=3 at 95% confidence level).

Table 4.4 Determination of Ag’ in real water samples using the proposed paper-based

device.
Sample Spiked (uM)  Paper strip
Found (uM)  %RSD %Recovery
Bottled water - N.D.
20.0 45+03 6.4 22
100.0 345+1.2 3.6 34
400.0 388.2+6.4 1.6 97
Tap water - N.D.
20.0 N.D. - 0
100.0 N.D. - 0
400.0 39.1+6.6 16.7 10
Pond water - N.D.
20.0 N.D. - 0
100.0 N.D. - 0
400.0 6.4+0.5 7.7 2

N.D. = not detectable
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Table 4.5 Determination of Hg2+ in real water samples using the proposed paper-based

device and ICP-OES.

Sample Spiked Paper strip ICP-OES

(uM)  Found % % Found % %
(uM) RSD Recovery (uM) RSD Recovery

Bottled - N.D. N.D.

water 2.5 24+0.1 5.6 96 25+0.1 2.5 100
8.0 7.6+0.3 4.2 95 7.8+0.1 0.7 98
250 27.8+2.0 7.1 111 258+02 1.0 103

Tap - N.D. N.D.

water 2.5 3.0+0.2 7.9 120 2.7+0.1 1.2 108
8.0 84+0.5 6.2 104 85+0.2 2.0 106
250 24.6+0.6 26 99 255+£0.1 0.5 102

Pond - N.D. N.D.

water 2.5 26+0.1 5.2 104 2.8+0.1 4.4 112
8.0 7.0+0.7 9.5 87 8.0=+0.1 1.5 100
250 222+0.7 3.2 89 23.8+0.2 0.8 95

N.D. = not detectable

4.3.9.2 Determination of total silver in cleaning product sample using

paper-based optode device

Normally, Ag" in AgNPs solutions could be found, and the speciation analysis

of Ag" and Ago was interesting. Hence, this proposed paper-based optode device was

applied to determine the amount of Ag in real sample containing AgNPs. The

cleaning product sample labeled the amount of AgNPs as 100 ppm (0.93 mM) was

diluted and spiked with 46.4, 92.7, and 139.1 uM of Ag". The amounts of Ag in
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sample solutions were determined with the paper-based device. In the detection
method, AgNPs were adsorbed onto surface of cellulose paper, so the color of the
paper strip changed to yellow. The color of AgNPs on the device provided the
discrepancy of the colorimetric detection which affected to the repeatability of the
device with high %RSD as shown in Table 4.6. Therefore, the determination of free

Ag’ in the sample containing AgNPs cannot be performed.

Table 4.6 Determination of silver ion in a cleaning product sample containing AgNPs

using the proposed sensor.

Paper strip

Sample  Spiked (uM)
Found (uM) %RSD  %Recovery

7 56.8£7.2 12.6
30 folds 46.4 101.4+7.5 7.4 96
Diluted 92.7 138.9 £29.6 21.3 &9
139.1 2447 +£28.5 11.6 135

The determination of total silver concentration in real sample containing
AgNPs was also performed by first oxidizing Ago to Ag’ via oxidation with H,0,. The
sample was then diluted and spiked with 46.4, 92.7, and 139.1 uM of Ag". After that,
the amounts of total Ag in sample solutions were determined with the paper-based
device. The results are shown in Table 4.7. The percentage recoveries obtained from
the paper-based devices were in the acceptable range of 108—114% with % RSD less
than 8%. These results demonstrated that the matrices in cleaning product sample did
not interfere the total Ag’ detection by this proposed method. In addition, the results
were further compared with inductively coupled plasma optical emission spectrometry

measurement (ICP-OES). According to results in Table 4.7, the results from the paper-
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based device provided a satisfactory agreement with ICP-OES (t,; = 4.30 >t = 0.21-

2.69, n=3 at 95% confidence level).

Table 4.7 Determination of total silver concentration in a cleaning product sample

containing AgNPs using the proposed paper-based device and ICP-OES.

Paper strip ICP-OES
Spiked
Sample Found % % Found % %
(LM)
(HM) RSD  Recovery (MM) RSD Recovery
- 363 +2.38 7.6 359+0.8 2.3
30 folds 46.4 89.2+4.0 4.5 114 829+04 0.5 101
diluted 927 136.0+10.8 8.0 108 1304 + 1.7 1.3 102
139.1 1864+9.2 5.0 108 183.6+2.4 1.3 106

4.4 Ion selective optode in a platform of thread-based analytical device
4.4.1 Response behavior of ISOs nanospheres

In this platform, the nanoparticle of sensing components (optode nanosphere)
including CU1 as an ion-selective ionophore, chromoionphore XIV as a proton-
selective chromoionophore, KTpCIPB as an ion-exchanger, and DOS representing as a
hydrophobic phase for the sensing process was prepared by solvent-displacement
method [76]. The cocktail solution was first prepared by dissolving CUI1,
chromoionophore XIV, KTpCIPB, DOS, and pluronic P123 in THF. Then, the cocktail
solution was slowly added into stirring aqueous phase, and blue clear solution was
obtained. After evaporation of the organic solvent, the nanoparticles were formed. As
mentioned in previous report [77], a neutral surfactant copolymer with hydrophobic
chain and two hydrophilic ends can promote the formation of optode nanosphere by

acting as a stabilizing agent. Pluronic P123 is one of neutral surfactants that has
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hydrophobic poly(propylene glycol) chain and two ends of hydrophilic polyethylene
glycol. The hydrophobic chains are able to insert and interact with the lipophilic
sensing components in core while hydrophilic ends contact with water surrounding to
help the particles suspension in water and prevent the nanoparticles aggregation [77].
The size of synthesized nanoparticles was analyzed by dynamic light scattering (DLS)
and found to be around 110 nm in diameter (Figure 4.13). The optode nanosphere
showed a relatively narrow size distribution with a polydispersity index (PDI) of
0.097. Since all of sensing reagents including CU1, chromoionophore XIV, and
KTpCIPB were combined in the platform of nanoparticles suspension, the sensing
process was supposed to be similar mechanism with conventional thin film optode.
According to Equation 2.1, the ion-selective sensing behavior was based on the ion-
exchange process of target ions (Ag  or Hg'') and hydrogen ion (H') between water
surrounding and hydrophobic nanoparticles consisting of CU1 (L), chromoionophore
XIV (C), and KTpCIPB (R). CU1 extracted Ag or Hg2+ from water to the optode
nanosphere while H' from chromoionophore (CH") was released to water to maintain
the electroneutrality. Hence, the color of optode nanosphere changed from blue (CH")

to yellow (C).
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Figure 4.13 Dynamic light scattering analysis of the prepared optode nanospheres.

4.4.2 Property of ISOs nanosphere

To study the characteristic of the synthesized optode nanosphere, the optical
properties of the optode nanosphere suspension were studied. Since the core of
nanosphere was doped with the pH-dependent indicator (chromoionophore XIV), the
pH responsive property should be observed. To investigate this, the absorption spectra
of the optode nanosphere in the different pH buffer solutions from 3.0 to 10.0 were
recorded. The pH responses of the optode are shown in Figure 4.14. From the results,
the color of the optode nanosphere changed from blue to yellow when the pH
increased from 3.0 to 10.0. This result indicated that chromoionophore XIV in the
form of nanoparticles suspension can exchange the proton between particles surface
and solution surrounding. In the acidic media, chromoionophore XIV was protonated

with the maximum absorption wavelength (A_ ) at 634 nm. On the other hands,

max.

chromoionophore XIV became to the deprotonated form with the maximum absorption
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wavelength at 432 nm in the basic media.
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Figure 4.14 Colors (a), absorption spectra in visible wavelength (b), and absorbance at

634 nm (c) of the optode nanosphere in different pH buffer solutions.

The sensing property of the optode nanosphere with Ag' and Hg,2+ was also
investigated. The sensing process was assumed to be identical mechanism as the
conventional planar film optode. To confirm this assumption, the absorption spectra of
the optode nanosphere in acetic-acetate buffer solution at pH 5.0 (the optimum pH in
proposed paper device) with various Ag  or Hg2+ concentrations were measured as
shown in Figure 4.15 and 4.16, respectively. The color of the optode changed from
blue to yellow when the Ag" or Hg2+ concentrations increased. The absorption spectra
of the optode nanosphere showed that the chromoionophore XIV was a protonated
form in the solution absent Ag” or Hg2+. When the concentrations of Ag’ or Hg2+
increased, chromoionophore XIV became to the deprotonated form resulting in the

color change.
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Figure 4.15 Colors (a), absorption spectra in visible wavelength (b), and absorbance at
634 nm (c) of the optode nanosphere in 0.01 M acetic-acetate buffer solution at pH 5.0

. . + .
with various Ag concentrations.



67

() , . ‘ B \ ‘ i
£ -~ N ,I. R .'.": S :‘. = - T . — :
[r— p— — o - - =

S _ " S o

e R R e — R ——— e S RETT——
Buffer 0.1 0.5 1.0 1.5 2.0 2.5 3.0 ppm
(b)(” ~——0.0ppm (c)0:<

~——0.1ppm

0.5ppm 02 .

634nm 1.0ppm
~——1.5ppm
~——2.0ppm
—2.5ppm
3.0ppm

o
>

432nm ""e-'“

\
\Hg

Wavelength

=

Absorbance, 634nm

=3

=3
>
.

350 400 450 500 550 600 650 700 750 800 -7 -6.5 -6 -5.5 -5 -45 -4 =35
Wavelength,nm log Hg**
Figure 4.16 Colors (a), absorption spectra in visible wavelength (b), and absorbance at
634 nm (c) of the optode nanosphere in 0.01 M acetic-acetate buffer solution at pH 5.0
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with various Hg" concentrations.

Moreover, the selectivity of the optode nanosphere response in the solution was
also studied. The optode was prepared in the various metal ions including Na", K,
Ag+, Mgzi Ca2+, Co%, Ni2+, Cu2+, Zn2+, Cd2+, Hg2+, Pb2+, and Cr’". The colors of the
optode nanosphere in the different metal ions are shown in Figure 4.17. The results
showed that the color of the optode nanosphere in the presence of Ag and Hg2+
changed from blue to yellow. Meanwhile, the absorption spectra showed the decrease
in absorbance at 634 nm in the case of Ag and Hg2+. This indicated the high
selectivity for Ag and Hg2+ over the other metal ions. From the characteristic of the
synthesized optode nanosphere, it was possible to use this optode nanosphere platform

as the sensing agent for determination of Ag" and Hg2+.
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Figure 4.17 Colors (a), absorption spectra in visible wavelength (b), and absorbance at
634 nm (c) of the optode nanosphere in 1 mM of different metal ions in 0.01 M acetic-

acetate buffer solution at pH 5.0.

4.4.3 Detection of Ag+ and Hg2+ using optode nanosphere on thread-based

analytical device

The determination of Ag  and Hg2+ using ISO paper-based device by
colorimetric detection still need a digital camera for data readout. To increase
portability of the device by eliminating the need of external electronic equipments, the
sensing agent was applied to thread for the distance-based detection. To study the
response behavior of thread-based device for Ag and Hg2+ detections, the optode
nonosphere suspension and one of target ion were applied to thread-based device. The
experiment was performed by three repeats dropping of 3 pL of optode nanosphere
suspensions onto a knot of thread. The optode nanosphere was then flowed through

along the thread by the capillary force. The volatility of water caused the optode
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nanosphere to deposit on polyester thread surface. After that, 3 pL of Ag" or Hg2+
standard solutions was repeatedly dropped onto the same position onto a knot of
thread. The reaction between Ag or Hg2+ in the aqueous sample and optode
nanosphere on thread surface as described in Section 4.4.1 produced the color change
from blue to yellow. The picture of thread-based device after applying 15 x 3 uL of
various concentrations of Ag' and Hg2+ standard solutions are shown in Figure 4.18a
and Figure 4.18b, respectively. For Hg2+ detection, after applying 15 x 3 uL of Hg2+
standard solutions, the color of thread changed from blue to yellow, and the difference
of length of the color change on thread was observed. The response behavior of the
distance-based detection using the optode nanosphere was found with the detection in
“exhaustive sensing mode” where the target ion in solutions was completely extracted
to the nanoparticles [66, 76, 78-80]. In the case of Ag" detection, after applying 15 x 3
uL of Ag’ standard solutions, the color of thread also changed from blue to yellow
when the concentration of Ag’ increased. Unfortunately, the length of color change
was not observed as shown in the colorimetric plot profile (Figure A1). The different
behaviors between Ag” detection and Hg2+ detection might be due to the extraction of
Ag’ was occurred more slowly than that of Hg2+, and the extraction of Ag’ was slowly
occurred than the sample solution flowed along the thread. For this reason, the
response of thread-based device for Ag detection was a colorimetric-based same with
a proposed paper-based device. Therefore, to demonstrate the distance-based detection
of the proposed thread-based device, further experiments were performed only for the

Hg2+ detection.
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Figure 4.18 Pictures of the thread-based device for Ag+ (a) and Hg2+ (b) detections.
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4.4.4 Distance-based detection of Hg2+ using optode nansphere on thread

4.4.4.1 Modification of optode nanosphere on thread and in situ
preconcentration of Hg2+

The amount of optode nanosphere deposited on thread surface can be increased
by multiple additions of optode nanosphere suspension to the thread. The criteria to
select number of repeats of optode nanosphere suspensions is the number of repeats
provided long length of color change on thread and also given high color difference
(A red value of blue and yellow) for easy readout. To investigate this, 3 pL of the
optode nanosphere suspension with the number of repeats of 1-4 were applied to the
knot of threads, and 3 uL of 10 ppm Hg2+ standard solutions were then applied to the
same position of threads with the number of repeats of 1, 3, 5, 7, 10, 13, and 15. The
color change distances in function of number of repeats were measured for comparison
the length of the developed color. The different red intensity values (A red value of
blue and yellow) were measured for comparison the color difference. The large
amount of sensing components located on thread surface required a large amount of
Hg2+ to develop an equal distance. Thus, the amount of optode nanosphere was
inversely varied with the length of color change. According to this reason, a higher
repeat number of the optode nanosphere suspension provided a shorter length of the
color change as shown in Figure 4.19a. However, a higher repeat number of the
optode nanosphere suspension provided a higher color difference as shown in Figure
4.19b. To obtain a high color difference and maintain a reasonable distance, 3 x 3 uL
of the optode nanosphere suspension was selected for further experiment. In the same
way, the number of repeats of sample solution was also studied as shown in Figure
4.20. The color change distance increased with the increased of the repeat number of 3
pL of Hg2+ standard solutions. This result showed the possibility of in situ

preconcentration of the target ions to obtain a lower limit of detection (LOD) by
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multiple dropping sample solutions onto the devices. In this work, 15 x 3 uL of Hg >
standard solutions dropping onto the thread provided the working ranges of 1.0 to 10.0
ppm Hg2+ and a limit of detection found to be 0.3 ppm which was closed to LOD
calculated with the proposed paper-based ISO (0.12 ppm) and the conventional planar

film optode (0.04 ppm) [25] for Hg’" detections.
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Figure 4.19 Distances of the color change (a) and the color difference (b) of thread-

based device. (N = repeat number of standard solutions).
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Figure 4.20 Distances of the color change after repeatedly dropping 3 pL of Hg2+

standard solutions (N = repeat number of standard solutions).

4.4.4.2 Effect of pH

To study the effect of pH toward the distance-based determination, the Hg2+
standard solutions of 1.0 and 5.0 ppm were prepared in the buffer solutions at pH
values of 3.0, 4.0, 5.0, 6.0 and 7.0. As presented in Figure 4.21a, the results showed
no different distances when the pH of solution was in the range of 3.0 to 6.0 (P-value >
0.05 at 95% confidence level). The pH independence of sensor found in the thread-
based device might be due to the “exhaustive sensing mode” where Hg2+ in the
solutions was completely extracted to the optode nanosphere. When the amount of
optode nanosphere was excess to exhaustively extract all Hg2+ in sample drops, the
distance of the color change depended on only the total amount of Hg2+ in the detection
zone. This behavior was often found in the optode nanosphere sensor [66, 78-80].
However, the color of the optode nanosphere shown in term of red values difference in
Figure 4.21b still depended on pH of solutions. The results showed that the red values
difference tended to decrease when pH values increased. At pH 7.0, this pH was higher
than pKa of chromoionophore XIV, so the optode nanosphere became yellow because

of the deprotonated form of chromoionophore XIV. For this reason, the red value
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difference was zero, and the distance of the color change could not be obtained.
Therefore, the pH of solution used in the proposed device could be varied from 3.0 to
6.0. Nevertheless, to achieve the good selectivity as mentioned in the proposed paper-

based device, pH 5.0 was used as experimental media for further experiments.
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Figure 4.21 Effect of pH on the color change distances (a) and the color difference of

red values (AR) after repeatedly dropping of Hg2+ solutions 15 times.
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4.4.4.3 Effect of interfering ions
To evaluate the selectivity of the thread-based optode device, the effect of

2+

others metal cations including Na+, K+, Ag+, Mg2+, Ca2+, C02+, Ni2+, Cu2+, /n Cd2+,
Pb”, and Cr’” was studied. Under the optimum conditions, each interfering ion was
mixed with 5.0 ppm Hg2+ with the concentrations of 1000 or 40 folds mole excess of
interfering ions to Hg2+ (1000 folds for Na+, Mg2+, K+, Ca’" and 40 folds for Cr3+, C02+,
Ni2+, Cu2+, Zn2+, Ag+, Cd2+, Pb2+). All solutions were prepared in 0.01 M acetic-acetate
buffer solution at pH 5.0. The mixing solutions were then dropped to the thread-based
device according to the method in Section 3.4.4. The results in Figure 4.22 showed no
difference between the color change distances of pure Hg2+ and theirs mixed solutions

with relative error less than 5% (t.; = 2.78 > t, = 0.16 — 1.02, n=3 at 95% confidence

cri

level). These results indicated that the thread-based device has capability to tolerate

various interfering cations in aqueous sample solution.
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Figure 4.22 Color change distances of the thread-based device after repeatedly

droping Hg2+ solutions mixing with various metal cations onto knot 15 times.
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4.4.4.4 Analytical performance for distance-based detection of Hg2+

As described above, the optimum conditions for Hg2+ determination included
3x3 uL of optode nanosphere suspension, 15x3 pL of Hg2+ standard solution, and pH
5.0. According to these optimum conditions, various concentrations of Hg2+ standard
solutions from 1.0 to 10.0 ppm were determined with the proposed thread-based device
with three replicates (n=3). The picture of thread-based device upon addition of
various concentration of Hg2+ is shown in Figure 4.23. From the measurement of the
color change distance as shown in Figure 4.24, the color change distance showed a
good linear correlation with Hg2+ concentrations (R” = 0.9943). To evaluate the inter-
device precision, 3.0 and 7.0 ppm Hg2+ were repeatedly dropped onto 10 thread devices
(15x3 uL of standard solutions for each thread). The device showed good inter-devices
precision with %RSD of 4.8 and 3.1 for 3.0 and 7.0 ppm HgH, respectively. In
addition, in order to confirm that the distances of color change were unprejudiced
readout from users, imageJ software-assisted readout was used. In this readout
technique, a picture of the device after developing the color change was taken a picture
with camera. To measure the color change distance, acquired JPEG images were
evaluated. The red values along the threads were analyzed with Imagel] software to
obtain the colorimetric plot profile along the threads as shown in Figure 4.25. The
distances of the color change were then obtained by measuring the length between the
middle of two most slopes. The measurements of the color change distance by means
of software-assisted readout were compared with the naked eyes readout (using a
ruler). The Pearson’s correlation analysis [68] according to the Figure 4.26 showed no
significant difference between Imagel] software-assisted readout and naked eyes
readout by three volunteer users (r > 0.99). These results can be concluded that the
proposed thread-based device can be used as an actual instrument-free device for Hg2+

determination.
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Figure 4.24 Distance-based calibration of Hg2+ using the proposed thread-based

device.
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Figure 4.26 Comparison of Hg2+ distance-based determination using ImagelJ-assisted

readout and naked eye readout using a ruler by three users.

4.4.4.5 Real samples analysis

The thread-based optode device was applied to determine the amount of Hg *in
real water samples from various water sources including the water from commercial
bottle, domestic tap, pond, and agricultural wastewater. To study the influence of
various matrices in different water sources, the samples were spiked with 3.0, 5.0, and
7.0 ppm Hg%. From the results in Table 4.8, the percentages recoveries obtained from
the thread-based devices were in the acceptable range of 97-108% with % RSD less
than 10. These finding demonstrated that the matrices in various water sources did not
interfere the Hg2+ detection by the proposed methods. In addition, the results were
further compared with inductively coupled plasma optical emission spectrometry
measurement (ICP-OES). According to results in Table 4.8, the results from thread-
based device provided a satisfactory agreement with ICP-OES (t,, = 4.30 >t = 0.22

—3.01, n=3 at 95% confidence level).
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Table 4.8 Determination of Hg2+ in real water samples using thread-based device and

ICP-OES.

Sample Added  Thread-based device ICP-OES

(ppm)  Found % % Found % %
(ppm) RSD Recovery (ppm) RSD  Recovery

Bottled 0.0 N.D. N.D.

water 3.0 29+02 6.1 97 30£0.1 04 100
5.0 50£04 7.0 100 50£0.1 04 100
7.0 69+0.1 1.1 99 69+0.1 0.2 99

Tap 0.0 N.D. N.D.

water 3.0 3103 93 103 3.1+£0.1 3.1 103
5.0 54+£03 6.1 108 50£0.1 0.6 100
7.0 73+£02 28 104 69+0.1 04 99

Pond water 0.0 N.D. N.D.
3.0 3.0£0.1 34 100 31£0.1 0.6 103
5.0 5101 26 102 51£0.1 05 102
7.0 72+0.1 1.5 103 70£0.1 0.5 100

Agriculture 0.0 N.D. N.D.

wastewater 3.0 3.0+0.1 3.0 100 3.1£0.1 34 103
5.0 50£03 6.2 100 51+£0.1 1.1 102
7.0 72+04 53 103 70£0.1 04 100

N.D. =non detectable
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4.5 Comparison of the proposed devices with previous methods

A comparison of the performance of paper-based and thread-based analytical
devices was considered. Because the proposed devices did not require any
sophisticated scientific instruments, they were dramatically simpler than the
conventional planar film optodes (see in Table 2.5, Section 2.4.1). From the Ag' and
Hg2+ detection methods in the previous works as shown in Table 2.2 (Section 2.2.2),
our proposed devices does not needed the hydrophobic barrier fabrications which
make them easier than other works. The proposed paper-based device showed a high
selectivity for Ag' and Hg2+, and the dual quantitative detection of Ag' and Hg2+ in
mixed solutions was achieved. Moreover, the comparison between a proposed paper-
based device and a proposed thread-based device was also considered. The proposed
thread-based device was simpler than the paper-based device because the distance
readout by naked-eye in the proposed thread-based device did not require any
electronic equipment. Additionally, the proposed thread-based device used a smaller
sample volume than the proposed paper-based device. Hence, it was appropriate for

Hg2+ detection in the case of limited sample volume.



CHAPTER YV

CONCLUSION

We have successfully developed the sensing platforms based on ISOs for Ag’
and Hg2+ detection. The optode containing CU1 as an ion-selective ionophore,
chromoionphore XIV as a lipophilic pH indicator, and KTpCIPB as an ion-exchanger
was prepared and used as a sensing agent in the proposed devices. Firstly, the
fabrication of the paper-based analytical device incorporating with ISOs for dual
colorimetric detection of Ag” and Hg2+ was achieved. A simple fabrication method was
performed by simply dropping the cocktail solution onto the filter paper. The detection
method was easily performed by immersing the paper strip into the sample solutions.
The proposed paper-based device showed high selectivity toward Ag’ and Hg2+ over
other 12 cations by changing the color from blue to yellow. In this platform, the dual
Ag and Hg2+ detection in their mixed solution using EDTA and NaCl as masking
agents for Ag' and Hg2+ assay, respectively was accomplished. 75% (5.6 mmol kg'l) of
chromoionophore XIV, pH 5.0, immersion time of 10 and 15 min (for Ag and
Hg%detections, respectively) were selected for the optimum conditions in this
platform. It also provided a calibration response fitted with Boltzman equation R® >
0.99) over a concentration range of 1.92 x 100 5.00 x 10 M for Ag and 5.74 x 10"
t0 5.00 x 10° M for Hg"" with LOD of 1.92 x 10° M (0.21 ppm) for Ag" and 5.74 x
10" M (0.12 ppm) for Hg2+. The proposed paper-based device showed good inter-
devices precision with %RSD less than 10%. The proposed paper-based device was
successfully applied for Hg2+ detection in real water sample with the percentage
recoveries of 87-119 % and %RSD less than 10% and applied for detection of total

silver in cleaning product samples containing AgNPs with the percentage recoveries of



83

108-114 % and %RSD less than 8%. The results from the paper-based device were in
agreement with the values obtained from ICP-OES.

However, the colorimetric detection by a proposed paper-based device still
required a digital camera for detection step. To increase portability of the method, a
truly instruments-free device without the need of any external electronic equipment
was developed. The distance-based detection using a proposed thread-based device
was successfully prepared for Hg2+ detection. The optode nanosphere with 110 nm in
diameters was successfully prepared and incorporated onto the surface of polyester
thread by a simple manual pipetting. The detection method was easily performed by
repeatedly dropped 3 pL of sample solutions onto the thread, and then the distances of
the color change correlated with the Hg2+ concentrations were observed. The numbers
of repeatedly dropping of 4 times for optode nanosphere suspension and 15 times of
sample solutions were selected for the optimum conditions in this platform. The
distance of color change showed a good linear correlation with Hg2+ concentrations (R’
> 0.99) over a concentration range of 1 to 10 ppm with LOD of 0.3 ppm. The proposed
thread-based device showed good inter-devices precision with %RSD less than 5%.
The Pearson’s correlation analysis showed no significant difference between the
software-assisted readout and the naked eyes readout (r > 0.99). Finally, the proposed
thread-based device was successfully applied for Hg2+ detection in real water sample
with the percentage recoveries of 97-108% and %RSD less than 10%. The results

from thread-based device were in agreement with the values obtained from I[CP—OES.

Suggestion for future works:

In this research, the limit of detection was still higher than the maximum
residue limits recommended by World Health Organization (0.050 ppm for Ag" and
0.002 ppm for Hg2+ in drinking water). Therefore, the proposed methods could not be

performed for determination of very low Ag and Hg2+ concentration in the samples.
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To solve this restriction, pre-concentration step before the use of proposed devices

should be performed.
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Figure A1 Colorimetric plot profile of red values along the threads in Figure 4.18a.

These values were acquired using ImageJ software.



VITA

NAME Manoon Phichi

DATE OF BIRTH 10 July 1991

PLACE OF BIRTH Suphanburi

HOME ADDRESS 71/3 Village No.2, Salee Sub-district, Bangplama District,

Suphanburi, 72150



	ABSTRACT (THAI)
	ABSTRACT (ENGLISH)
	ACKNOWLEDGEMENTS
	TABLE OF CONTENTS
	LIST OF TABLES
	LIST OF FIGURES
	LIST OF ABBREVIATIONS
	CHAPTER I  INTRODUCTION
	1.1 Statement of the problem
	1.2 Research objective
	1.3 Scope of research
	1.4 Benefits of the research

	CHAPTER II  THEORY AND LITERATURE REVIEWS
	2.1 Ion-selective optodes (ISOs)
	2.1.1 Components of ISOs
	2.1.2 The response mechanism of ISOs [20, 30]

	2.2 Paper-based analytical device
	2.2.1 Characteristics of paper-based analytical device
	2.2.2 Paper-based analytical devices for Ag+ and Hg2+ detection

	2.3 Thread-based analytical device
	2.3.1 Characteristics of thread-based analytical device
	2.3.2 Thread-based analytical device for heavy metal detection

	2.4 ISOs Platforms for metal ions detection
	2.4.1 The conventional planar films optode
	2.4.2 Development of ISOs in other platforms


	CHAPTER III   EXPERIMENTAL
	3.1 Reagents and materials
	3.2 Apparatus
	3.3 Ion selective optode in a platform of paper-based analytical device
	3.3.1 Paper-based device preparation
	3.3.2 Colorimetric Ag+ and Hg2+ quantitative detection using paper-based device
	3.3.3 Image analysis

	3.4 Ion selective optode in a platform of thread-based analytical device
	3.4.1 Ion selective optode nanosphere preparation
	3.4.2 Study of ISOs nanosphere characteristic by UV-Visible spectrophotometry
	3.4.3 Thread-based device preparation
	3.4.4 Distance-based Ag+ and Hg2+ quantification

	3.5 Real sample analysis

	CHAPTER IV   RESULTS AND DISCUSSION
	4.1 Characteristic of CU1 to selectivity of ISOs
	4.2 Study of types of chromoionophore
	4.3 Ion selective optode in a platform of paper-based analytical device
	4.3.1. Response behavior of ISOs on paper-based analytical device
	4.3.2 Effect of filter paper types
	4.3.3 Cocktail composition
	4.3.4 Effect of pH
	4.3.5 Response time
	4.3.6 Selectivity of paper-based optode device
	4.3.7 Determination of Ag+ and Hg2+ in mixing solution
	4.3.8. Analytical Performance of the proposed paper-based analytical device
	4.3.9 Real samples analysis
	4.3.9.1 Determination of Ag+ and Hg2+ in real water samples using paper-based optode device
	4.3.9.2 Determination of total silver in cleaning product sample using paper-based optode device


	4.4 Ion selective optode in a platform of thread-based analytical device
	4.4.1 Response behavior of ISOs nanospheres
	4.4.2 Property of ISOs nanosphere
	4.4.3 Detection of Ag+ and Hg2+ using optode nanosphere on thread-based analytical device
	4.4.4 Distance-based detection of Hg2+ using optode nansphere on thread
	4.4.4.1 Modification of optode nanosphere on thread and in situ preconcentration of Hg2+
	4.4.4.2 Effect of pH
	4.4.4.3 Effect of interfering ions
	4.4.4.4 Analytical performance for distance-based detection of Hg2+
	4.4.4.5 Real samples analysis


	4.5 Comparison of the proposed devices with previous methods

	CHAPTER V   CONCLUSION
	REFERENCES
	APPENDIX A
	VITA

