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ABSTRACT

Blood tests are one of the physician’s basic tools to see a detailed analysis of
any disease marker, dysfunction of the various organs and waste products in the
body. Blood-Urea Nitrogen (BUN)-is nitrogen concentration in blood human serum.
The BUN measurement:is. one of the chemistry panels to concern about the
malfunction of liver and kidneys. Consequently, BUN detection is very challenge to
fabricate as a detection kit. The detection of urea molecules via biosensors is an
alternative method. Normally, the enzyme urease is used as a catalyst in the
hydrolysis reaction. Since the -enzyme stability is a major problem of biosensor
development, a non-enzymatic system is a very challenge approach to improve the
efficiency of biosensor devices.

In this thesis, we demonstrate the detection of urea based on the
molecularly imprinted polymers (MIPs) biosensors. To fabricate the MIPs urea
sensors, PMMA is used as the matrix polymer while urea molecules are used as
molecular templates. The MIPs sensors are prepared by solvent-assisted drop casting
method on gold-coated electrodes and ion-sensitive field effect transistors (ISFET).

The surface morphology of polymeric films was characterized by scanning electron



microscope (SEM). Then, Fourier transform infrared spectroscopy (FTIR) and UV-Vis
spectroscopy were employed to confirm the urea templates removal. To evaluate
the MIP sensors, cyclic voltammetry (CV), amperometry, and potentiometry methods
were employed. Our results exhibit that the MIPs sensors on gold-coated electrodes
show two linear ranges between 2 - 100 uM and 0.1 - 100 mM while the MIPs on
ISFET sensors provide the linearity in the range of 01 - 100 mM. The MIPs sensors not
only evidently present the selectivity to urea molecules at low concentrations but
also be able to determine the amount of urea in human blood serum between
95.3% - 105.6%. In addition, the -MIPs—sensors “also exhibit high reproducibility,
repeatability and storage-stability.

We successfully detect the urea molecules by using the MIPs urea sensors,
which fabricate by solvent-assisted drop casting technique: The MIPs urea sensors
show the limit of detection (LOD) in the scale-of millimolar; which-is suitable for the
measurement of urea in the human blood serum. The MIPs urea sensors can be
integrated with microfluidic platforms to become handheld device for chemical

sensing and clinical diagnostic in the near future.

Keywords: molecularly imprinted polymer; non-enzymatic sensor; urea detection;

electrochemical sensor; ion-sensitive field effect transistor.
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CHAPTER 1

INTRODUCTION

1.1  Overview

Biosensor research has a growing number over the last two decades.
Biosensors can be applied to a variety of samples including body fluids, food
samples, cell cultures, and can be used to analyze environmental samples [1]. The
available biosensor should below cost, small size, portable and capable of being
used by non-specialist operators. Many biosensor devices were developed, whereas
the electrochemical technique is one approach to fabricate biosensors because their
output can be detect in electrical signals. The electrical signal can be easy to
translate and read out by conventional electronic circuits, which can be developed
to be a portable device. Other advantages of electrochemical “biosensors are
robustness, simple-to-use, and ability to be used.in turbid samples [2-4].

The blood test-is a significant application for bicsensor development. Blood
Urea Nitrogen or BUN is one of many substances can be measured by blood testing,
which can impart about the kidney failure-or liver malfunction.For healthy people,
the normal range of BUN is 5 =-20mg/dl (1.8-="7.1 mmol/L). The causes of an
increase in BUN are kidney failure, renal failure (acute” or chronic), urinary tract
obstruction, gastrointestinal bleeding.and dehydration, while causes of a decrease in
BUN are a hepatic failure, nephrotic syndrome, cachexia (low-protein and high-
carbohydrate diets) [5-7].

In present, An instrument referred to as biosensors being used as clinical
diagnostic tools in point-of-care testing and can be generally found as one well-
known is the glucose sensor [8]. In contrast, a portable device for measuring and
detecting the urea concentration in the blood is unavailable. After that, the urease

based urea biosensor has been interesting and developing for clinical diagnostic



devices [9-10]. However, urease enzyme was reported about limitations such as
enzyme activity, enzyme stability, and unspecific to urea [11-14].

To improve limitations of biosensor based enzyme, a non-enzymatic urea
sensor was developed [15,16]. However, non-enzymatic urea sensors have
disadvantage in the poor selectivity and narrow range of the linearity response, which
not suitable for applied to measure urea in blood human serum. Apart from that,
molecularly imprinted polymers (MIPs) technique has been developing for selective
membranes as an artificial receptor. Chen et al. [17] synthesized the chitosan for
MIPs electrochemical urea detection with-high.selectivity, stability, repeatability, and
reproducibility. This chitosan-based MIPs was later improved by incorporating CdS
guantum dots, and the detection limit of the resulting sensor was extended to as
low as a picomolar level [18]. Although these published works show. splendid sensor
performances, the obtained sensors are fabricated with complicated methods and
the detection ranges are not suitable for urea measurement application.

To achieve this goal, we have to overcome above issues. The first issue is the
MIPs fabrication method. This work demonstrates a simply fabrication method for
MIPs urea sensor, which prepared by solvent-assisted drop-cCasting techniques. The
other major issue is the detection ranges of the fabricated sensor. We present the
MIPs sensor for urea determination in-detection range covered millimolar level,
which has a potential. to’ determine the concentration of urea in blood human
serum.

Here we report molecularly imprinted electrode using the solvent
evaporation technique for urea detection. Poly(methyl methacrylate) (PMMA) and
urea were used as the functional polymer and the molecule template, respectively,
and were drop-cast on to a gold-coated electrode on printed circuit board. The MIPs
membrane was also exposed to UV irradiation to strengthen the coated membrane.
The prepared MIPs on the gold-coated electrode was studied electrochemical

characteristics and evaluated their properties such as the sensitivity, linearity range,



detection limit, reproducibility, repeatability, and stability. The last topic, the urea
measurement in the blood human serum of the MIPs sensor was investigated.
Finally, after studied electrochemical characteristics between the MIPs sensing
membrane and urea target molecules. We reported a novel molecularly imprinted
sensor based on the ion-sensitive field effect transistor (ISFET) device for urea
detection. The sensitivity, selectivity, repeatability and reproducibility of the

fabricated MIPs-ISFET sensor have been evaluated.

1.2 Scope of this research

This research aims to fabricate Molecularly iImprinted Polymers (MIPs) film as
sensing membrane for-urea-detection. MIPs have been prepared on Au electrodes
and on ISFET sensors. for first time. The polymeric selective membranes were
fabricated by using PMMA "and wurea ‘as the functional polymer and molecular
templates, respectively. The surface 'morphology of MIPs was observed by scanning
electron  microscope (SEM). Then, 'the characteristic removal. templates were
investigated by Fourier transform infrared spectroscopy. (FTIR) ‘and UV-VIS
spectroscopy. The fabricated MIPs sensors-were used to detect urea molecules. After
that, MIPs sensors-have been evaluated-their properties such as the sensitivity,
linearity range, limit" of - detection; 'reproducibility, repeatability, and stability.
Furthermore, a similarity structural, of urea molecules and coexisting molecules were
employed as the interfere molecule for selectivity studies. Finally, the fabricated
MIPs sensors were applied to measure the urea in the blood human serum for
clinical diagnostics.

Currently, a portable device for measuring and detecting the urea
concentration in the blood is unavailable, due to the stability and storage of the
enzyme method. In this work, | demonstrated the MIPs-urea sensor, which has a high
stability and also can be storaged in ambient. Consequently, MIPs-urea sensor is

promising to apply as a portable urea sensor device.



1.3 Objectives of this research

This research focuses on the fabrication the MIPs layer by solvent-assisted
drop casting method for urea detection in order to fulfill the following objectives:

1.3.1 Fabrication the MIPs selective membrane on the gold-coated
electrode and ISFET sensor for urea determination with a simple
fabrication method, which prepared by solvent-assisted drop casting
techniques.

1.3.2 Evaluation the MIPs—sensors in-sensitivity, selectivity, and stability,
which can be improved limitations of urease enzyme.

1.3.3 Development the MIPs sensors for urea detectionin the real sample
(blood human-serum) which is promising to_apply as a portable urea

sensor device for clinical diagnostic.

1.4  Benefit from this research

1.4.1 I success to fabricate the MIPs selective membrane for urea detection
on the-gold-coated electrode and ISFET sensor, which never reported
about fabricated MIPs films on ISFET sensor.

1.4.2 | obtained the electrochemical characteristic' of the MIPs sensors
which has._a" high sensitivity and. selectivity for urea and has a high
stability.

1.43  MIPs sensors can be used to detect the urea molecules in the human
blood serum, which has a potential to develop for clinical diagnostic

devices.



1.5 Details of this research

The works of this thesis were divided into five chapters have a detail as
follows:

Chapter 1 is the introduction mention the significant of the urea detection
and the advantages of a molecularly imprinted technique for application to
biosensors. After that, the scope of this research, the objective, and the benefits
expected to be derived from this research.

Chapter 2 is general background about-the MIPs biosensor which includes
principles of biosensors, -electroanalytical chemistry, the ion-sensitive field effect
transistor (ISFET), molecularly imprinted technique and fabrication process. The last
topic is the literature review about electrochemical biosensor for urea detection in
recent years.

Chapter.3 and 4 are fabrication the MIPs selective membrane on the gold-
coated electrode and the ISFET sensor, respectively. The results-consist of the
surface morphology, validation of template removal;-and electrochemical behaviors
of the MIPs sensors-were investigated. Finally, the fabricated MIPs sensors were used
measuring the urea in the blood human-serum samples.

Chapter 5.is«conclusions and outlook of this werk:



CHAPTER 2

GENERAL BACKGROUND

2.1  Chemical and biological sensor

The International Union of Pure and Applied Chemistry (IUPAC) provides a
definition of “chemical sensor is a device that transforms chemical information,
ranging from the concentration of a specific sample component to total composition
analysis, into an analytically useful signal” [19]. The best known of chemical sensor is
the glass electrode for pH measurement, which indicates the amount of hydrogen
ion in a solution. Biosensors are chemical sensors in which the recognition system
utilizes a biochemical and biological mechanism [20]. Figure.2.1 shows a typical two
basic components ‘of chemical sensors and’ bicsensors contain: recognition and
conversion.,

1. Recognition "system. or receptor is a  biological substance and not
biologically-substances, performing to detect and convert data volumes
from- molecular biochemistry ‘to physico-chemical. changes such as
enzymes, cells, tissue, microbes, antibodies, selective membrane, nucleic
acids, “and  molecularly imprinted pelymers. The  most important of
recognition systems are specific te an analyte.

2. Conversion system or-transducer.is=a device to converts a physico-
chemical signal output from the recognition system such as chemical
substance, ions, lights, weight, and heat into measurable electrical signals.
These cause biosensors will be transducer various types. The transducer

may be called detector, sensor, or electrode.
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Figure 2.1 Components of biosensors.[21].

An electrochemical biosensor is a combination of electroanalytical technique
and specificity of the biological recognition -element (bio-chemical receptor). The
biological receptors were immobilized or entrapped on the electrode as a conductor
material or semiconductor or ion conductor material. The aim. of this technique is
changing the samples quantity by receptors and using electrodes detect output from
the receptor “with _amperometric, potentiometric, -and . other. methods. The
electrochemical ‘biosensor first pioneered by Leland C. Clark and Champ Lyons in
1962 [22]. They invented biosensor for. measuring the glucose by using enzyme
glucose oxidase immobilized onto Clark oxygen electrode.

Table 2.1 shows measurement types and-electrochemical transducers for
electrochemical biosensors. The measurable electrical signal will be related to the
concentration of an analyte. The combination of the biological recognition and
electrochemical electrode will occured new devices that an effective to analytical

sample, where advantages are easy to use, compact size and affordable.



Table 2.1 Types of measurement, Types of electrochemical transducer, with

corresponding analytes to be measured [20].

Measurement type Transducer Transducer analyte
1. Potentiometric ion-selective electrode (ISE) K+, cl, Ca2+, F
glass electrode H' Na"...
gas electrode CO,, NH3
metal electrode redox species
2. Amperometric metal or carbon electrode O,, sugars, alcohols...
chemically modified electrodes sugars, alcohols, phenols
(CME) oligonucleotides..
3. Conductometric, interdigitated electrodes, urea, charged species,
impedimetric metat electrode oligonucleotides..
4. lon charge or ion-sensitive field effect transistor | H; K
field effect (ISFET), enzyme FET (ENFET)

2.2  Molecularly imprinted polymers

Molecularly  imprinted - polymers: (MIPs) jis-a: synthetic receptor (artificial
receptor) that produced recognition sites for a specific target molecule in a synthetic
polymer matrix. A molecular imprinting technigue-using synthetic polymer matrix was
first published in the year 1972-1973 by Gunter Wulff-and A. Sarhan [23,24]. A vinyl
was applied as the functional polymer for preparing polymer membrane while a
racemate was used as molecular templates. After that, in the year 1989, Daniel J.
O’Shannessy, et al. [25] reported about the molecular imprinted polymer employing
L-phenylalanine anilide as molecular templates and methacrylic acid as the
functional monomer. The synthesized polymer film can distinguish L-phenylalanine
(printing molecule) and amide derivatives of amino acids. The preparation of MIPs,

target molecules was used as a template for imprinting in the polymer structure.



Then molecular templates was removed from polymer matrix, so that the molecular

cavities has complementary to the template in size, shape, and functional groups

(26,27]. The advantages of the MIPs include, high binding affinity and selectivity

towards the analyze molecule (template molecule), high resistance to physical

strength, stability against various chemicals and environment of using (temperature,

organic solvents, acid and alkaline, and heavy metal ions), lifetimes can be as long as

several years at room temperature, furthermore the polymeric membrane easily to

synthesis and polymer is cheap price [28-30]. Figure 2.2 illustrates the fabrication

procedure of MIPs sensing membrane has 3-steps [31] as follows:

1

Complexation of a template: Mixing the molecular template and the
functional monomer in solutions to form a complex (the solvent for this
step ‘can be- dissolved’ the molecular template.- and. the functional
maonomer), For some cases-may be-added a cross-linker to assist bonding
between the polymer and the substrate or the polymer and the template

to be attached as well.

2. Polymerization  of the complex: After. complexation . of ' functional

monomer “and -the ‘molecular template successfully.-This template-
polymer complex is deposited and polymerized on the substrate. Many
techniques can be employed. for the co-deposition of the polymer and
the molecular template, such as polymerization [32=34], sol-gel synthesis
[35-37], electrodeposition [38,39] and.solvent evaporation [40,41]. Each

technique has its own pros and cons to suit a particular chemical system.

3. Removal of the molecular template: After washing the template from the

polymer matrix (the solvent for this step can be dissolved the molecular
template, but not dissolved the functional polymer), cavities or
recognitions sites are morphologically (size and shape) and chemical groups
similar to target molecules hence the prepared polymer film have a

specific to the analyte and highly selective.
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Formation in solution

Template
Solvent Polymerization
Polymer
(monomer)
Template removal

Figure 2.2 Fabrication procedure of MIPs sensing membrane.

Molecular detection is a reverse step of removal the template. The analyte
molecule and binding sites will reassemble in the polymer film to form a complex
again. The MIPs can applicable to a variety fields and target molecules. An example
the application of molecular imprinting technique such as separation and extraction
[42-44], drug delivery [45-47], using an artificial receptor for antibodies. [48-51], And
applied for the sensor [52-55]. The-MIPs usefulness. in sensor applications since 1993
by Eva Hedborg, et al [56]. They prepared polymer membranes containing molecular
imprints against (-phenylalanine anilide and applied as sensing layer in field-effect
capacitors. The C-V measurement results showed that the imprinted polymer
membrane can be measured [-phenylalanine anilide and tyrosinanilide in ethanol
solution. In addition, The molecularly imprinted techniques are widely applied in
sensor development for determinations of molecules [57,58], viruses [59], entire cells

[60], and heavy metal [61-63]. The MIPs sensor can be used to various measurement
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techniques, especially the amperometry and voltammetry techniques were

interested for imprinting polymer films based electrochemical sensors [64,65]. In

addition, the MIPs membranes can also be developed as chemical sensors and

biosensors with other measurement techniques were shown in Table 2.2

The response of electrochemical MIPs electrodes to target molecules is

similarity with enzymatic mechanism, which can be classified into two strategies for

molecular detection.

L.

Increment signal: After template combined with polymer film, the
chemical reaction between- polymeric membrane and template molecule
may produce.charge or electron or ions, leading.to higher response signals
[66-68]. This process is similar to enzyme catalyzes, which reactions break
down the analyte and increasing the response.is occurred from the
products of their reactions-{69,70].

Decrement signal: The template molecules that are bound into the
cavities the template obstruced charge transfer to the surface of the
electrode which results in the reduction of response signals [71-73]. The
measuring process of MIPs sensor is similar to the biochemical detection
methods via' the inhibition of enzymatic activities, in” which particular
enzymes ‘are exposed to certain-target molecules and the response is

obtained from the reduction of their activities [74,75].



Table 2.2 Measurement techniques employed in MIPs based sensors [76].
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Transducer

Analyte (example)

Useful rang (uM)

General Formates

ellipsometry vitamin K; qualitative
surface plasmon resonance | theophylline 5000 - 33000
capacitance phenylalanine anilide qualitative
phenylalanine 6000
conductometry atrazine 0.005 - 0.05
surface acoustic wave solvent vapors 0.1 pL/L
quartz crystal microbalance | solvent vapors 4 uL/L
glucose 10Q0.- 20000
S-propranclol 50 - 1300
love-wave 2-methoxy 3= n.c:
methylpyrazine
infrared evanescent wave 2,4-D 4.5 - 1000
Analyte Generates Signal
fluorescence dansyl phenylalanine 25 - 290
PAH (pyrene) 0.00015-0.2
amperometry morphine 3.3 85
Competitive Binding Formats
colorimetry chloramphenicol 10 - 3000
voltammetry 2,4-D 0.01 - 100
Polymer Generates Signal
pH glucose 1000 - 25000
fluorescence cAMP 0.1-100
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2.3  Electroanalytical chemistry

Electroanalytical chemistry is an analytical technique concemed with the
relationship between the electrical signals and chemical reactions. Electrical
quantities (current, potential, resistance, and conductance) depend on the
parameters or the rate of chemical reactions. This can be used to wide range
applications of chemical analytical such as environmental monitoring, food freshness
and bioprocess monitoring, and biomedical analysis [19]. Electrochemical processes
are analyzed at the electrode-solution-interface unlike other chemical measurement
techniques are related homogeneous bulk solutions. The difference of electroanaly-
tical techniques (amperometry; potentiometry, and impedance spectroscopy) effects
to the kinds of the electrical signal using for the quantitation.

The electroanalytical technigues have two-principal types are potentiometric
and potentiostatic. -Potentiometric is a process that no electric current flows in
electrochemical cell (zero-current), the sample composition is obtained by measuring
the potential across the electrode-solution interface. Potentiostatic  (controlled-
potential) is a-technigue to studies the charge transfer at the electrode-solution
interface that is-based on the electricity flow (non-zero-current). The electrode was
applied voltage from an external source which causes electron transfer across the
electrode-solution:.interface. Both types of the electroanalytical technique include
least two electrodes and-sample solution (electrolyte)is called the electrochemical
cell. One of two electrodes is an electrode that response to the target analyte and
this termed the indicator electrode or working electrode. The second electrode is an
electrode with constant potential in various solutions and is termed the reference
electrode.

Electrochemical cells can be classified into two categories including galvanic
and electrolytic cells. Galvanic cells are used to produce electrical energy from a

chemical reaction within the electrochemical cell. Electrolytic cells are required
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electricity from an external source to cause a chemical reaction between electrode

and electrolyte.

2.3.1 Faradaic processes

The aim of electrochemical analysis is to study an electrical current response,
which is related to the concentration of an analyte. This can be done by monitoring
the electron transfer during the redox processes (oxidation-reduction) of the

substance to analyze.

C+"fe & R 21
where O is oxidized form of redox couple.
R is reduced form of redox couple.

For' the _electrochemical systems that ‘are based on-—the laws of
thermodynamics, the potential “of the electrode can be used to determine the

concentration-of electroactive 'species at the surface, according to the Nernst

equation.
E=Eg2+ 238555 2.2
nr Cr
where E is cell potential.

£’ is standard potential of redox reaction.
R is universal gas constant (8.314 JKulmol'l)
1 is the Kelvin temperature.
n is number of electrons transferred in reaction.
F is the Faraday constant (96,487 coulombs).

Co,Cr  are ion concentration of oxidation and reduction reaction.
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Redox reactions at the surface of the electrodes cause the electricity current

from the movement of charges or electrons across the electrode-solution interface.

The resulting current of the change in redox reactions according to the Faraday's law

was called the faradaic current. However, the changing of electric current caused the

movement of charge on the surface, the accumulation of electrical charge or

electrons are not transferred between the electrode—solution interfaces, the current

it is termed nonfaradaic current.

2.3.2 Mass transport

Mass transport formed. by three distinct categories. These categories of mass

transport were shown.in Figure-2.3.

1.

Diffusion: Movement “occurs under  the influence of different
concentrations, will' diffuse from regions of high concentrations to regions
of lower concentrations. This | process " reduces. the difference of
concentration.

Migration: “The movement of charged particles in accordance with an
electric field. The positive charge move toward the cathode and negative
charge move adversative.

Convection: Moving to the electrode by physical movement, the external
mechanical energy that causes driving forces such as stirring or flow of

solution orrotating or vibrating electrode.
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Figure 2.3 The categories of mass transport [77].

2.3.3 Electrochemical cell

The electrochemical. cell for controlled-potential ~experiments usually
contains a closed beaker volume.of 5 - 50 ml and.the three electrodes (e.g., working,
reference, and counter) where all are immersed in the sample solution (Figure 2.4).
The working electrode is the electrodes for observation the chemical reactions of
interest. The reference electrode procures a stable potential (independent on the
sample composition) and using compared the potential of the working electrode.
The counter electrode is often used the inert metal such as platinum wire or

graphite rod for an increase as the current-carrying.



17

Figure 2.4 Schematic diagram of an electrochemical cell: working electrode (WE),

reference electrode (RE), counter electrode (CE).

2.3.4 Electrochemical electrode

Electrodes are major components that performing connects between the
electrolyte and an instrument. For-the electrochemical cell, require least two
electrodes are a working and a reference electrode. In some electroanalytical
technique (i.e. voltammetry and amperometry) can be used a three-electrode
system, which a third electrode is helpful for electron transfer and that is termed

auxiliary or counter electrode.
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2.3.4.1 Working electrode

The performance of the electrochemical process is based on the working

electrode materials. The working electrode should be a high signal-to-noise, as well

as a high repeated response. Therefore, the working electrode selection depends on

two factors, the redox behavior of the sample and the background response. Other

considerations include the potential window, electrical conductivity, surface

reproducibility, mechanical properties, cost, availability, and toxicity. The popular

working electrodes used in the electrochemical analysis including.

1.

Mercury electrodes are a very-interesting electrode for an electrochemical
procedure because it has a high hydrogen overnvoltage when compared to
the solid electrode material, which extends the. cathodic potential.
Moreover, -mercury  electrodes  have a highly. reproducible, readily
renewable, and smooth -surface.- Disadvantages of “using mercury are
narrow an anodic potential due to oxidation of mercury and the toxicity.
Solid electrodes are suitable electrodes for analyzing samples in anodic
potential. Popular materials for the working electrodes are inert metals
and. carbon.. materials, such: as platinum,. gold and  glassy carbon.
Additionally, specific applications can also use silver, nickel, and copper.
Chemically ‘modified. electrodes(CMEs). refer to a system of electrodes
that changes the surface with chemicals. ‘or receptors. The modified
surface electrodes are an enhanced performance for different samples
analysis.

lon-selective electrode (ISE) is an electrochemical electrode specific to
ions by employing a selective membrane coated or immobilized on
electrodes. For example, the pH measurement at which determine the

hydrogen ion of a solution.
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Figure 2.5 The accessible potential of platinum, mercury, and carbon electrodes,

in various solvents.

2.3.4.2 Reference electrode

The reference electrode is an exact potential electrode, independent of ions

concentration in the sample solution. In-addition, the reference electrode requires

good stability. properties, does not change with temperature; and easily storage.

Normally, the applied potential..or output voltage of electrochemical cell using

differential potential between the working electrodes versus the reference electrode.

Reference

types.
=

electrodes for the electroanalytical. chemistry can be classified three

Hydrogen reference electrode consists of the cleaned sheet platinum was
coated with platinum powder (platinized platinum). This is inserted into a
glass tube containing hydrogen gas where can be pressure control. The
standard hydrogen electrode (SHE) will be saturated with hydrogen gas all
the time, under the pressure of one atmosphere (atm). The standard

hydrogen electrode has the potential of 0.00 volts.
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2. Saturated calomel electrode (SCE) consists of two layers of glass tubes,
the inner glass tube has a wire lead (Pt wire) immersing in a mixture of
mercury and mercury (1) chloride (Hg,Cl, or Calomel). The outer glass tube
is a solution of saturated potassium chloride (KCl). The electrode has a
porous tip for a contact with the external solution. This porous tip is a salt
bridge.

3. Silver/Silver chloride reference electrode (Ag/AgCl) is a glass tube
electrode with a wire lead (Ag wire) that is coated with silver salts (AgCL).
It is immersed in a saturated-potassium-chloride solution. The end of the
glass tube is a porous material for a contact between potassium chloride

and sample solution.

2.3.5 Supporting electrolyte

Electrochemical measurements ‘are generally performing in a solvent that
containing ‘a supporting electrolyte. The solvent selection. will consider by the
solubility of the analyte and redox activity. In addition, properties of a solvent such
as electrical “conductivity, ) electrochemical activity, chemical reactivity, and the
solvent should not react with the analyte were inspected. Water is'used as a solvent
more than other intermediaries. Besides, there are other non-agueous solvents also
been used e.g, acetonitrile,  propylene -carbonate, dimethylformamide (DMF),
methanol, and dimethylsulfoxide (DMSO).

Electrochemical experiments-are required supporting electrolytes to reducing
the resistance of the solution, eliminating electromigration effects, and maintain the
strength of ionic strength. [78] The supporting electrolyte may be an inorganic salt,
mineral acid, or buffer which it depends on solvents. When the solvent is water, the
supporting electrolytes are commonly used potassium chloride or nitrate,
ammonium chloride, sodium hydroxide, or hydrochloric acid. While tetraalkylammo-
nium salts are often employed in organic solvents. For systems are require pH

control, buffers (acetate, phosphate, or citrate) are useful for maintaining the pH
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value. The supporting electrolyte should be the preparation from high purity
chemicals and should not be oxidized or reduced easily. The electrolyte
concentration range is 0.1 - 1.0 M, which the concentration greater than the

concentration of all electroactive species.
2.4  Electrical double layer

The electrical double layer is the array of charged particles and/or dipole
existing at all material interface. In electrochemistry, this layer considers to the ionic
regions formed in solution to-offset the excess of the charge on the electrode (qe).
The electrode has' a positive charged will attract a layer. of negative ions and
electrode that is negatively charged, it will attract a layer-of positive ions. Thus, the
interface must be a neutral charged, q,+q, =0 (when g, is the charge of the ions in
nearby solution). The electrical double layer as shown in-Figure 2.6 consisting of two
ions layers.

The inner layer (closest to the electrode) was called compact layer, this layer
includes the inner Helmholtz plane (IHP) and the outer Helmholtz plane (OHP). The
inner Helmholtz plane contains molecules of solvent and specifically adsorbed ions.
The outer Helmholtz plane is an imaginary-plane by drageing through the center of
the solvated ions at closest to the surface. These-ions are nonspecifically absorbed

and are attracted to the surface by the coulomb forces.
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IHP OHP

Figure 2.6 The electrical double layer represented the electrode-solution interface.

The outer layer (beyond the compact layer) was called diffusion layer, this
area has distributed of ions in three dimensions, which extend from the OHP to the
bulk solution. The ionic distribution demonstrates the counterbalance between other
forces of the electrical field and disorders caused. by the fandom thermal motion.
The equilibrium between these two-opposing effects indicates that the concentration

of ionic species in accordance with the Boltzmann equation.

L(%) = C{0)eupl-2FaRn 23

where C(x) s ion concentration in distance from the surface.
zF@ s electrostatic energy.

RT  is thermal energy.
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The total charge of the compact and diffuse layer equals to the net charge
on the electrode. The potential across the double-layer area related two parts, a
linear from surface electrode until the OHP and an exponential function up to the
diffuse layer. The potential drops across two-part of the double-layer shown in Figure
2.7 which depending on the ionic strength. The thickness of the double layer may

extend to more than 10 nm.

Helmholz Diffuse
layer layer

[
|
|
|

Outer
[L*“_ Helmholz

Figure 2.7 The potential across the electrical double layer.
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2.5 Cyclic voltammetry

Cyclic voltammetry is most commonly used technique for the acquisition of
qualitative information about the electrochemical reaction and is often the first
choice in the electroanalytical study. The cyclic voltammetry is capable of providing
the thermodynamics of redox reaction and kinetics of heterogeneous electron
transfer and coupled chemical reactions. The operation process consists of applying
potential of a stationary working electrode and an unstirring solution, in the
waveform of a triangle as shown. in-Figure 2.8.-The number of scan cycles depends
on the desired information:. During scans, the electricity-cument was measured from
the applied potential. The resulting current-potential plot, kmown as the cyclic
voltammogram,'is a display-of current signal (vertical axis) versus the excitation
potential (horizontal axis).

The expected of a reversible redox.couple was illustrated in Figure 2.9. It is
supposed theinitial state that only the oxidized form “0O”. A potential scan the first
half cycle is a negative going (forward scan), from"a potential when no reduction
reaction. The applied potential is increased, a cathodic current increasing until a peak
reached. The maximum current'is called-cathodic peak current (i-). and the potential
where the peak current called cathodic peak potential (E..). After that, the direction
of potential scan is reversed (reverse scan), the reduced form “R” (¢enerated in the
forward half-cycle) are reoxidized' back ta “O”. The resulting current in anodic
current is termed anodic peak current (iy,) and the potential where the peak current

as known, anodic peak potential (E,,).



25

preme Oyl 1

Eﬁnal

Reverse
scan

=

Forward
scan

Potential

Einitial

Switching
potential

Time
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Figure 2.9 Typical cyclic voltammogram for a reversible redox process.

Data interpretation of cyclic voltammogram is characterized by four significant
parameters, two peak currents and two peak voltages. The basic principles for

analyzing the cyclic voltammetric response was developed by Nicholson and Shain
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[79]. For reversible couple cyclic voltammetric, the peak current (iy) (at of 25°C) can

be determined from the Randles-Sercik equation.

i, = (2.69 X 105)AC nVDv 2.4
where n is the number of electrons.
A is the electrode area (in crn’).
C is the concentration (in mol/cm”).
D is the diffusion. coefficient (in-cm /s).
v is-the potential scan rate (in V/s).

The electric_current is, directly proportional: to the-concentration and the
square root of the scan rate. Thus, the scan rate is an indicator of the reaction at a
surface electrode " that ‘controlled by mass transport. The ratio ‘of peak current
reverse-to-forward i /isr s’ indicative ‘of reversible redox reactions. Typically, the
current peaks are measured by extending the preceding baseline current (background
current) and find out the difference between the current peak and the baseline.

The position of the potential peak (E,) relate to.the formal potential () of
redox process. The formal potential for.a reversible reaction.is center between Eg,
and E,. which can'be caleulating by equation 2.5;and calculate the number of

electron transfer (n) from the equation 2.6.

E° = EPL:E*’— 2.5
AE, = Epq — Epp = = 26

n
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2.6 Chronoamperometry

Chronoamperometry is a controlled-potential technique which measured the
current response from applied stepping potentials of the working electrode. The
applied potential starting at non-faradaic reaction occurs (E;) to a potential that
change the electroactive species on the surface of the electrode (E,) as displayed in
Figure 2.10 (a). In this experiment used a stationary working electrode and unstirred
solution, the reaction is based on the mass transfer by diffusion only. The current-
time curve reflects to changing. the concentration gradient in the vicinity of the
surface. Accordingly, Figure 2.10 (b) displays the current response decreasingly in

time, as given by the Cottrell equation.

3 e D
i(t) = nAFC J; 2.7

where- n is the number of electrons.

is the electrode area (in cmz).

E is Faraday’s constant (96,487 coulombs).
C is the concentration (in mol/em)).

D is the diffusion coefficient (i’ cm /s).

t is.time.
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Figure 2.10  The potential-time waveform (a) and the resulting current-time

response (b) for Chronoamperometry experiment.

2.7 Potentiometry

Potentiometry is a technigue that exploits the potential of a galvanic cell,
depends on the activity of ions in/ the. solution. Thereby, information on the
composition of .a sample is obtained through the appearing potential between two
electrodes. One of two electrode, is the indicator electrode or working electrode, this
electrode was coated with the ion-sensing membrane (ISM). when integrated with
working electrode was so call. ion-selective electrode (ISE). The potentiometric
electrodes have been widely used for direct monitoring of ionic species e.g., protons,
calcium, fluoride, and potassium-ionsin complex samples. The other electrode is the
reference electrode ‘which/does not depend on the coneentration of ions in the
solution and has a constant-voltage. Figure 2.11-illustrates the electrochemical cell
for potentiometric technique. The potential of the cell is proportional to the
difference potential of the working electrode versus reference electrode and the

concentration of ions in sclution.
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Figure 2.11 'Schematic of electrochemical cell-for potemtiometry-expariment.
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lon-Sensitive” Field Effect Transistor (ISFET) was invented by Piet Bergveld in

1970 [80]. He presented the experimental about removal-the metal gate electrode of

MOSFET (Metal Oxide Semiconductor: Field Effect Transistor) device and measuring

the electrical characteristic of this device invarying hydrogen ion (H") solution. The

result displays the voltage at the interface between the insulating layer and solution

dependent on the hydrogen ion concentration or the pH value. After that, the metal

gate electrode was replaced by the metal chloride reference electrode for the

stability of electrical signal measurements. [81]. The structural difference between

MOSFET and ISFET was illustrated in Figure 2.12. The ISFET is a solid-state electronic

device that manufactures by same technology with microchips has significant
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advantages. The sensing area is very small, a single miniature chip would be
contained multiple gates and used to sense several ions simultaneously. Other
advantages include the in situ impedance transformation and the ability for
temperature and noise compensation [82,83].

The ion-sensing membrane was added on a gate surface of ISFET which is the
response to the hydrogen ions. Properties of the materials used for the ion-sensing
membrane must be an insulator and able to resist the corrosive in acidity and
alkalinity as well. Popular materials were employed ion sensing membrane of ISFET
e.g., amorphous-Si [84,85], Ta,0s [84],- WO4-[84], AlsQ; [86], SisN, [87], SnO, [88], and

TiO, [89]

VG ate

Reference
electrode

MOSFET ISFET
(@) (b)

Figure 2.12. Schematic structure of MOSFET (a) and ISFET (b) [90].

The response to ions of ISFET sensor can be explained by the relationship
between the insulator-solution interfaces. The schematic of the insulator-solution
interfaces was shown in Figure 2.13. Normally, the surface of the insulator consists of
a hydroxyl group (-OH) in the case of silicon dioxide the hydroxyl groups are SiOH.
The hydroxyl groups on the surface of silicon dioxide commonly are neutral and act
as proton donor or proton acceptor which can change the total charge at the surface

to a positive or negative [91]. Thus, changing a pH value of the solution would cause
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changing of the voltage at the insulator-solution interfaces, the drain current can

transfer from drain to source electrode of the transistor.
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Figure 2.13. The insulator-solution interfaces of silicon dioxide.

The applications of ISFET technology has expanded and a wide-ranging field.

Particularly, the applications in biomedical science and environmental monitoring are

remarkable. The key development is the coating on the gate electrode surface or the

fabrication of ion sensing membrane to analytical biochemistry that the ISFET can

perform. The ISFET biosensor was introduced in 1980 by Caras and Janata [92]. They

presented integration between the enzyme and ISFET sensor that was called enzyme

field effect transistor (ENFET). The penicillinase enzyme was immobilized on the

surface ISFET sensor for penicillin detection. This sensor can be measured penicillin
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in the concentration range between 0.1 - 25 mM. Moreover, the ISFET platform has
been applied as biosensors for the detection of biomolecules such as glucose [93],
triglycerides [94], creatinine [95] galactose and polyphenol [96]. Since ISFET sensors
have a small size, thus the ISFET was developed to sensor arrays for sensing several
ions. Sibbald et al. [97] reported about a ChemFET (chemical-sensitive field effect
transistor), this sensor can measure 4 type ions simultaneously e.g., potassium,
sodium, calcium, and pH in whole blood samples. Presently, a variety of ISFET-type
biosensors has been developed and exploited including ImmunoFET
(Immunologically modified FET) [98],~DNA-FET (DNA modified FET) [99,100], and

CPFET (Cell-potential FET) [101].
2.9 Literature review

The biosensors for urea detection using the electrochemical method was
invented first-time by Guibault and Montalvo' in 1969 - 1970 [102,103]. The urease
enzyme was immobilized on. the glass electrode. with '@an ammonium ion (NH,)
sensing membrane (Figure 2.14). The urease catalyzes the hydrolysis of urea to
produce ammonium and bicarbonate ions-as shown in Figure 2.15; This ammonium
ion electrode will- measure- the 'concentration of ammonium. ions which is the
product of urea hydrolyzed. The invented urea biosensor ‘can measured urea

concentration in the range.of 0.6/-:200 mg/100 ml.
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Figure 2.14 © Urea, biosensor. ‘using / immobilized . the urease enzyme on the

ammonium ion electrode [102,103].
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Figure 2.15 The urease catalyzes the hydrolysis of urea [104].

After that, in 1972 Guibault and Shu [105] has developed a urea biosensor
using urease enzyme and the carbon dioxide sensor as a transducer, which the

hydrolysis of urea produces a carbon dioxide (Figure 2.15). The fabricated urease
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based biosensor with carbon dioxide sensor can be measured urea in the
concentration range between 1.0 x 10° - 1.0 x 10" M. In addition, urea can
determine by measuring ammonia (NH,) [106] and pH changes [107].

The development of urea biosensor using urease enzyme combines with
ISFET sensor, the schematic was shown in Figure 2.16. For urea biosensor
microdevice, urease enzyme was immobilized on the ISFET surface and detect pH
change, which is product from enzymatic hydrolysis [108-110]. Many methods were
used immobilized urease on the surface of ISFET sensors such as entrapment in a
polymer structure, covalent bond,.andusing erosslinker [111-115]. The advantages of
ISFET sensor for applied to urea biosensors consisting of rapid response, small size,
and integrated ‘multi-sensor-in -a single chip. However, the difficulties of ISFET
biosensor for urea detection are the drift (shift of the response signal) and change
the pH of the sample solutions. This problem was solved by using-the two types of
ISFET sensors-in a single microchip. One type of ISFET sensor was immobilized by
urease for sensing to urea, other type is bare ISFET sensor, for reference ISFET
(REFET). The output signal was calculated from difference voltage of two types ISFET
sensors. In order to compensate the signal causing the drift of the ISFET and change
the pH of the. sample solutions' [116]. Applications of electrochemical urea
biosensors in field” of clinicat diagnostics, food  science,  and “environment by
measuring urea in. many samples such as  saliva *[117],blood serum [118],

hemodialysis [119], urine [120], milk [121], heavy metal [122].
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Figure 2.16  Schematic representation of the ENFET layout ‘and the response

mechanism [123].

Since .using of ‘urease enzyme as urea biosensor has limited in enzyme
activity, enzyme stability, and the environment of using. A non-enzymatic biosensor
has been developed for ‘solving the limitations of urease. In 2013, Mondal and
Sangaranarayanan [15] published  non-enzymatic  urea  sensor, “which has the
advantages of (i) 'More economical; (i) having a fast response time; (iii) easy to
prepare; (iv) non-enzyme; (v) insensitive to miner variations. in temperature and pH of
the medium. Figure. 2.17" illustrates the  preparation” process and detection
mechanism of urea sensor non-enzymatic-type. The conducting polymer namely
polypyrrole (PPy) was coated on the platinum (Pt) electrode by the electrochemical
polymerization technique. The measurement process is measured urea in
hydrochloric acid (HCU), in the acid condition, urea was hydrolyzed to producing
ammonium ion and then ammonium ion was reducing by polypyrrole coated on the
platinum electrode. Determination of urea for this sensor is available for two
electrical signal types are current and impedance (Figure 2.18). The response of the

polypyrrole coated platinum to urea was found to be linearity in the range of 80 -
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1440 pM, with the limit of detection for urea is 40 pM. The disadvantage of
polypyrrole coated platinum easily interferes from other molecules. Figure 2.19
displays the current response of this sensor has decreased when addition other
molecules into the urea sample solution, indicate that the polypyrrole coated

platinum electrode low selectivity to urea.

. NH, Urea

Pyrrole

Electrochemical
polymerization
using SDS

Pt PPy coated Pt

Figure 2.17 = Preparation process and detection mechanism of polypyrrole coated

platinum’ electrode for urea sensor [15].
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Figure 2.18  Determination of urea by polypyrrole coated platinum electrode using

current detection (left) and impedance detection (right) [15].
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—

(A), 50 uM of uric acid-(B), 30 uM of NaCt(C); 15 uM of €aCl (D) [15].

The other type of non-enzymatic. urea biosensor was invented by R. C.
Bianchi, et al [16]. The gold electrode was modified by d-mercaptopyridine (MCP) and
L,L-diphenylalaning; respectively.. L;L-diphenylatanine is the peptide which catalyzed
urea similar to urea hydrolysis by urease. After that, the ‘gold oxyhydroxide (AuOH)
clusters on the surface of the gold. electrode oceurred redox reaction to producing
ammonia (NH;) and gas carbon dioxide (CO,). Figure 2.20 shows the measurement
mechanism of peptide-modified gold electrode urea sensor, which the linearity
response in the range of 0.1 - 1.1 mM, with the limit of detection is 0.06 mM.

Both types of non-enzymatic urea biosensors show the disadvantages in the
narrow range of the linearity response as between 0.8 - 1.5 mM, which not suitable

for applied to measure urea in blood human serum.
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Figure 2.20 Mechanism of peptide-modified gold electrode for urea detection [16].

Molecularly imprinted polymers (MIPs) was applied for the urea molecule by
Taher Alizadeh in 2010 [32]. Alizadeh presented the MIPs using as an adsorber for
solid phase extraction (SPE). The MIPs was synthesized by using methacrylic acid
(MAA) as functional- monomer,ethylene glycol -dimethacrylate (EGDMA) as cross-
linker and urea as the template molecule. Polymerization process takes in a water
bath at 60°C for 12 h. And then, urea template was washed by hot ethanol,
ethanol/water,; and 0.1 M of sulfuric acid solutien.

The developed MIPs was evaluated the selectivity and adsorption capacity to
urea and molecular structurally similar to urea including four species e.g., thiourea,
hydroxyurea, ethylenediamine, and thiocyanate: Figure 2.21 illustrates the MIPs highly
selectivity to urea when compared with-other molecules. Particularly, comparison
with thiourea is very structural similarity due to the sulfur atom (S) has the larger size
than oxygen atom (O) in urea. In addition, the higher electronegativity of oxygen than
sulfur makes the polarity of -C=0 group in urea higher than —C=S group in thiourea
resulting in the stronger interaction taken place in the cavity sites of MIPs. Figure 2.22
shows calibration curve of MIPs has linear range between 0.6 - 8.3 uM, with the limit

of detection was obtained to be 0.14 pM.
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Figure 2.21  Selectivity of developed MIPs  to. different molecules which are
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Figure 2.22 Calibration curve for urea determination by using MIPs based SPE [32].
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In the same year, Basma Khadro et al. [41] presented the MIPs films on gold
substrates for urea detection by an electrochemical technique. The preparation of
urea-imprinted thin film includes four steps: (I) mixing polymer using poly(ethylene-
co-vinyl alcohol), (EVAL) and urea template in DMSO, and casting on a gold
electrode. (Il) Removal DMSO by solvent evaporation at ambient temperature. (IIl)
Washing template urea by rinsing 20 mL of methanol and deionized water for 10
min, repeated three times. (IV) Immersion the polymer films overnight in phosphate
buffered saline (PBS) before use. The urea detection was determined by
electrochemical impedance spectroscopy-(EIS) technique using a three-electrode
system. The EVAL modified electrode was used as the working electrode, the
platinum strip and Ag/AgCl (saturated KCl) were used as counter and reference
electrode. Figure 2.23-displays the responseof the urea-imprinted electrode. This
sensor represents a detection limit-as 10 ng/ml, and a linear range of 0.02 - 3 pg/ml.

In addition, The EVAL MIPs thin film exhibits a ‘good stability during prolonged

storage.
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Figure 2.23  Nyquist plots of impedance spectra for urea-imprinted at various urea

concentrations [41].
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Molecularly imprinted polymers for urea electrochemical sensor to be
developed by Yan-Ping Chen et al. in 2011 [17]. The urea MIPs electrochemical
sensors were prepared by coating the chitosan-urea solution on the gold electrode
by potentiostatic electrodeposition. Au disk electrodes were cleaned by mechanical
polishing with AL,O; and electrochemical cycling in 1.0 M of H,So, solution. After
that, the chitosan-urea solution was deposited on the gold electrode. The urea
template was removed from the polymer film with stirring in 0.1 M of KCl solution
for 20 min. The fabrication process of urea MIPs electrochemical sensor based on

chitosan (CS) was shown in Figure 2.24.
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Figure 2.24  Schematic'diagram of the fabrication urea MIPs electrochemical sensor
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based chitosan [17].

Figure 2.25 displays the EIS characteristics of the electrodes at different
fabrication stages for studies the electron transfer between electrode surface and
solution. The result exhibits the Au bare electrode lowest impedance. When Au
electrode was coated by urea-CS solution impedance increased, because the
polymer film obstructed electron transfer to surface electrode. And then, the urea

templates was removed from polymer layer, the polymer film became porosity the
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impedance was reduced. The urea MIPs electrochemical sensor based chitosan was
used to detection urea samples by cyclic voltammogram. Figure 2.26 shows the
response of the fabricated MIPs sensor to different concentrations of urea in aqueous
solutions. The response of the chitosan coated Au electrode illustrate the linearity

between 1.0 x 10° - 4.0 x 10° M, and the limit of detection for urea is 8.0 x 10~ M.
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Figure 2.25  EIS of bare Au electrode (a), MIPs-Au electrode (b), and urea-CS/Au

electrode (e) [17].
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Figure 2.26 Cyclic votametry response of the MIPs sensorfor urea detection [17].

The selectivity of the chitosan MIPs sensor, structural similarities molecule to
urea such as thiourea, ~acetamide, DMF, ammonia, methyl carbamate, and
hydroxyurea was chosen for the experiment. In addition, the potential application of
the sensor is detected urea in serum samples, some co-existences molecule (uric
acid (UA), ascorbic acid (AA), dopamine (DA), and creatinine (Cr)) was used for testing
the MIPs sensor also. Figure 2.27 represents-the selectivityof MIPs sensors. The result
exhibits the urea MIPs electrochemical sensor based. chitosan highly selective to
urea. After that, this sensor demonstrates a detection urea in serum samples, the
sensor show recoveries test in the range 96.3 - 103.3 %, which has a potential to

apply the sensor for clinical diagnostic.
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Figure 2.27  The current response of the MIPs electrochemical sensor for structural

similarities (A), and co-existences (B) [17].

The next year, the same research group was led by Yan-Ping Chen [18]. This
work presented, doping CdS quantum dots in the molecularly imprinted film based
chitosan. The urea electrochemical sensor was: fabricated by~ electrodeposition
technique. ' Addition .CdS guantum dots in the polymer film affect the limit of
detection as low as to'1:0°% 10"~ M and the response of the MIPs sensaor shows two
linearity ranges of Urea detection between 5.0 x 10 ~4.0 % 10" Mand 5.0 x 10 -
7.0 x 10° M (Figure 2.28). Furthermore, the urea MIPs electrochemical sensor based

chitosan exhibits good reproducibility, repeatability, and stability.
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chitesan doping with CdS quantum dots [18].

Taher Alizadeh “and Aezam Akbari (2013) [73] reported the nano-sized
molecularly imprinted polymers (nano-MIPs) fora capacitive urea-sensor. The nano-
sized urea-MIPs was prepared by suspension” polymerization in silicone oil and using
acrylic acid as the monomer.. The synthesized urea-MIPs nanoparticles have average
dimensional size about of 50 nm. After that, the nano-sized MIPs was mixed with PVC
in solution. The mixture solution was dropped on a graphite disk electrode. Figure
2.29 displays response of different electrodes and different urea concentration. It
found that the MIPs electrode has impedance increasing when urea concentration
increased. The capacitance value can be calculated from impedance, this indicates

that the capacitance depends on urea concentration.
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The selectivity of the nano-MIPs sensor was observed by other compounds
including thiourea, glucose, arginine, cysteine, and tryptophan. Figure 2.30 () shows
the response of the nano-MIPs sensor to urea higher than other compounds. These
indicate that the prepared nano-MIPs. capacitive sensor is highly selective to urea.
Figure 2.30 (Il) represents calibration curve of the sensor for urea detection. This
sensor demonstrates a detection limit as low as 5 picomolar and a very wide linear

range of 1x107 - 1x10" M
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CHAPTER 3

MOLECULARLY SELECTIVE PMMA-COATED

ELECTRODES FABRICATION FOR UREA DETECTION

Overview - A simple fabrication method for molecularly imprinted
electrochemical electrodes was developed for urea detection. The molecularly
imprinted polymers (MIPs) were prepared by solvent evaporation on gold-coated
electrodes using PMMA and urea as functional pelymer and molecular templates,
respectively. The fabricated electrodes were characterized. by cyclic voltammetry
(CV), amperometry, scanning ‘electron -micrascopy (SEM), and. Fourier transform
infrared spectroscopy (FTIR)-The urea detection was achieved by incubating the MIPs
electrode in a test urea solution and measuring reduction in-amperometric responses
in the potassium ferrocyanide redox reaction. The performance of theelectrodes was
optimized by the preparation conditions, i.e. PMMA and urea concentrations, a drop-
cast volume and an‘incubation time. The urea-sensing responses_of the electrodes
yielded two linearity ranges from 2.0 % 10° - 1.0 x 10 Mand“1.0 x40 1.0 x 10" M
with the limit of detection)of 8:0 x 107 M (S/N"=3). The MIPs electrodes also
exhibited excellent reproducibility,- repeatability ‘and stability, ‘as well as high
selectivity to urea and were further applied-tordetect urea in human blood serum

samples with success.
3.1 Introduction

Detection of urea concentration is essential for agricultural and clinical
chemistry, food science and environmental monitoring [124]. Particularly in clinical
diagnostics, nitrogen concentration in human serum in the form of urea is called

Blood Urea Nitrogen or BUN, which is an indication for kidney failure or liver
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malfunction. A typical level of urea nitrogen in human serum is 5 — 20 mg/dl (1.8 ~
7.1 mM) [125]. Many methods exist for the determination of urea concentration such
as colorimetry [12], luminescence [126], fluorometry [127] and high-performance
liquid chromatography [128]. However, these methods often require a long analysis
time and complicated sample preparation or measurement processes. Urease-based
urea biosensors are generally regarded as a directly specific technique to quantify
urea by measuring ammonium ions, the reaction product, using a potentiometric
method. Nonetheless, enzyme-based sensor has a limitation in its stability and
activity [18]. These hinder upscale fabrication and.commercialization. In addition,
urease may also catalyze the amido-hydrolysis by other compounds such as
formamide, acetamide, and-N-hydroxyurea. Furthermore, the activity of urease could
be inhibited 'by other-ions suchas sodium, potassium,~and fluoride [32]. More
importantly, ' slutamate  dehydrogenase is additionally required. for better urea
detection. This'is because ammonium dons which are the product of urea hydrolysis
are unstable and easily dispersed in' the environment. Glutamate dehydrogenase,
therefore, 'is.- utilized" to . catalyze the reaction’ betweenammonium ions, o-
ketoglutarate “(a-KG) .and- nicotinamide adenine di-nucleotide (NADH) [13,14]
producing L-glutamate with. simultaneous oxidation’ NADH to NAD' which is then
generated electrons are transferred toelectrode.

To circumvent. the .above mentioned problem, ‘molecularly imprinted
polymers (MIPs) have attracted many interests when-applied as selective membranes
for non-enzymatic biosensors which are of high stability and low cost [129,130]. In
order to prepare MIPs, a functional polymer and molecular templates are co-
deposited on the surface of an electrode. The molecular template is next removed
from the polymer matrix leaving molecular cavities functioning as selective binding
sites for a specific target molecule. Many techniques such as polymerization [32-34],
sol-gel synthesis [35-37], electrodeposition [38,39], and solvent evaporation [40,41]

may be employed for co-deposition of a polymer and a molecular template.
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Detection of urea using MIPs is still in its infancy. To the best of our knowledge, there
are only three publications in this specific field. Chitosan was used for synthesizing
MIPs for electrochemical urea detection with high selectivity, stability, repeatability
and reproducibility were achieved [17]. This chitosan-based MIPs was later improved
by incorporating CdS quantum dots, and the detection limit of the resulting sensor
was extended as low as a picomolar level [18]. T. Alizadeh and A. Akbari [73]
reported the nano-sized molecularly imprinted polymers (nano-MIPs) for a capacitive
urea-sensor. This sensor demonstrated a detection limit as low as 5 picomolars and a
very wide linear range of 1x10° 2 I 10 M. Although these published works show
splendid sensor performances, the obtained sensors are fabricated with complicated
methods.

The response of electrochemical MIPs electrodes to-target molecules may be
classified into two strategies for molecular detection. One is the measurement of an
increase of charge or electron transfer from chemical reactions between a polymeric
membrane and a template molecule, leading to higher response signals [67,131]. The
other is the obstruction of charge transfer to the surface of the electrode by the
template molecules that are bound inte the cavities,-and results in reduction of
response signals [71,72]. For the ‘latter, the ‘measuring process of MIPs sensor is
similar to that of the biochemical detection -method via enzyme inhibition due to
exposure of enzymes to certain target molecules and the response is obtained from
the reduction of their activities-[74,75]. This approach-has been demonstrated on
MIPs by incubating the MIPs-coated electrode in a test solution before measuring the
response in an electrolyte solution, such as Potassium ferrocyanide [26,132].

In this chapter, we report a simple fabrication method of MIPs electrode using
a solvent evaporation technique for urea detection. Poly(methyl methacrylate)
(PMMA) and urea were used as the functional polymer and the molecule template,
respectively. They were drop-cast onto a gold-coated electrode on a printed-circuit

board. The polymeric membrane was then exposed to UV irradiation to strengthen
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the coated membrane by photo-polymerization. Removal of urea template by large
loop CV finally resulted in a sensing membrane. Our fabricated urea-sensing
electrodes were characterized by cyclic voltammetry (CV), amperometry, scanning
electron microscopy (SEM), and Fourier transform infrared spectroscopy (FTIR). The
sensitivity, selectivity, repeatability and reproducibility of the fabricated electrodes
were investigated. Furthermore, the ability of these fabricated urea detection

electrodes were demonstrated in a serum sample.

3.2 Materials and methods

3.2.1 Chemicals and reagents

Urea, methyl carbamate, glutamic acid, sodium chloride (NaCl), uric acid (UA),
ascorbic acid (AA), dopamine (DA), creatinine (Cr), and human serum were purchased
from  Sigma-Aldrich: Poly(methyl - methacrylate) (PMMA) and' dimethylformamide
(DMF) were ~bought from: Acros /organics. | Potassium  fefrocyanide (K;Fe(CN)),
potassium nitrate  (KNOj), sodium /dihydrogen. phosphate (NaH,POz) and disodium
hydrogen phasphate (Na;HPO,) were ordered from Ajax Finechem. Thiourea and
ammonia were purchased from CARLO ERBA. All chemicals were of analytical grade.

De-ionized (DI) water (Resistivity >18 MQ/cm) was used throughout the experiments.

3.2.2 Apparatus

All electrochemical measurements \were performed by a Metrohm PGSTAT
302N - High Performance Potentiostat/Galvanostat in a 50 mM K;Fe(CN), solution
containing 0.1 M phosphate buffer (pH 7.0) at room temperature (25°C). The 3-
electrode system was employed, consisting of an Ag/AgCl (3 M KCL) electrode as the
reference electrode, a gold rod as the auxiliary electrode, and a gold disk electrode
(3 mm in diameter), MIPs and non-molecularly imprinted polymers (NIPs)-modified
gold electrodes were used as the working electrodes. The coated MIPs film was

characterized to confirm the functional group of the target molecules by FTIR
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spectroscopy using a Spectrum ™M FT-IR spectrophotometer with an attenuated
total reflectance (ATR) device from PerkinElmer, Inc. The surface morphology of
PMMA-Urea/Au, MIPs/Au, and NIPs/Au were characterized by scanning electron
microscopy (SEM, EVO MA10Q, Zeiss) and the cross-section of MIPs layer coated on
gold electrode was characterized by field-emission scanning electron microscopy (FE-

SEM, JSM-7800F Prime, JEOL).

Figure 3.1 Gold-disk electrodes with gold rod on the printed circuit boards.

3.2.3 The fabrication of the MIPs-modified gold electrodes

The printed cireuit boards with gold-coated electrodes were made to order
by Seagate Circuit Co., Ltd. (Bangkok, Thailand). The bare electrodes were firstly
cleaned with ethanol followed by DI water in ultrasonic bath for 5 min each. After
that, the electrodes were pretreated in 50 mM K;Fe(CN)s solution containing 0.1 M
phosphate buffer by cyclic voltammetric between -0.3 to +0.6 V (Vs. Ag/AgCl) at the
scan rate of 0.05 V/s. Schematic of the fabrication procedure was illustrated in Figure
3.2. The polymer-urea solution was prepared by dissolving 250 mg (2.5 wt%) of
PMMA and 40 mg (0.4 wt%) of urea in 10 ml DMF and ultrasonicating the mixture for

10 min. The electrode surface was coated by drop-casting 1.5 pl of the PMMA-urea
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solution and curing with UV radiation (Stratagene UV Stratalinker 1800, 254 nm UV
light bulbs with the power of 3 mW/cmz.) for 15 min [133]. The urea molecular
templates were removed from the polymer film to produce the sensing membrane
by large loop cyclic voltammetric scans [68] in 50 mM KqFe(CN)s solution containing
0.1 M phosphate buffer using potential cycling between -0.3 to +1.0 V. The NIPs
electrodes were fabricated employing the above process but without the addition of

urea template molecules.
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Figure 3.2 Fabrication process of MIPs sensor for urea detection.



54

3.2.4 Electrochemical measurements

The MIPs modified electrode was incubated in a 5 ml urea solution (at a
specified concentration) for 20 min and then immersed in a 50 mM KsFe(CN),
solution containing 0.1 M phosphate buffer for electrochemical measurements. The
CV characteristics of MIPs and NIPs electrodes were investigated in a potential range
of -0.3 to +0.6 V at a scan rate of 0.05 V/s. Chronoamperometry was employed to
assess the sensing performance of all electrodes at a fixed potential of 0.30 V and a

measurement time of 900 s.

3.3  Results and discussion

3.3.1 Characterization of MiPs-modified gold electrodes

3.3.1.1 Surface morphology of modified electrodes

The  material -structure’ and surface ‘morphology characteristics of different
modified  electrodes were  determine by SEM. The ‘morphologyof PMMA/gold
electrode (NIPs/Au) shown in Figure 3.3 (A) demonstrates mixed characteristics of
PMMA microspheres and film which the observed cracks were due to tensile stresses
in the polymer matrix [134]. Figure 3.3 (B) shows that the more homogeneous
microstructure of PMMA-urea layer before-urea removal (PMMA-urea/Au), the urea-
polymer compositelayer has a flatten surface indicated that urea is well dispersed in
the PMMA matrix [134). After/ removal of “urea-templates from the polymer
composite layer (MIPs/Au), the-surface morphology of imprinted layer on the
electrode surface was showed in Figure 3.3 (C). This exhibited that the urea
molecules were successfully removed from the PMMA-Urea/Au electrode [135].
However, the SEM image only showed the morphology of pore on MIPs surface layer.
From the knowledge base, the urea template cavity on polymer structure is in nano
size [136]. Figure 3.3(D) shows a SEM cross-section image of the MIPs layer on the
gold electrode which confirms that the thickness of polymer layer was approximately

1 um.
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Figure 3.3 SEM" images of PMMA/Au electrode (NIPs/Au) (A), PMMA-urea/Au
electrode before template removal (PMMA-urea/Au) (B), PMMA-
urea/Au electrode after template removal (MIPs/Au) (C), and cross-

section of the MIPs layer on the gold electrode (D).

3.3.1.2 Electrochemical measurement of modified electrodes

The urea templates were removing by large loop cyclic voltammetric scans as
showed in Figure 3.4. The results show that the current response of the MIPs sensor
increasingly depends on the number of scans. Figure 3.5 displays the cyclic
voltammetry characteristics of the electrodes at different fabrication stages in a 50
mM KqFe(CN)s solution containing 0.1 M phosphate buffer and schematic of the
proposed mechanism for the MIPs sensor. A bare gold electrode (Au) illustrates clear

redox peaks of K;Fe(CN)s which refer to the Fe'/Fe”" redox reactions.
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Figure 3.4 Cyclic voltammograms for urea template removal from PMMA-urea/Au
electrode in 50 mM K Fe(CN); solution 'containing 0.1 M phosphate

buffer (pH 7.0) with- large loop scans from 0.3 to 1.0 V.

For the gold -electrode coated with the PMMA-urea composite layer (PMMA-
Urea/Au), the redox peaks are barely observed. This' indicates that the polymer-urea
layer obstructed the. electron transfer at the surface of PMMA-Urea/Au electrode.
After removal of urea templates the sensor(MIPs/Au).exhibits a distinctive increase in
the redox currents when.compared to the PMMA-Urea/Au electrode. It should be
noted that the response currents of the MIPs/Au electrode are only half of the bare
Au electrode. This suggested that the PMMA membrane became more porous after
the urea molecules were displaced, leaving some parts of the electrode to be
electroactive. The results are in accordance to the SEM images of the electrode
surface. For the gold electrode coated the PMMA layer (NIPs/Au), the current signals

are nearly the same as that of the PMMA-urea/Au electrode but with lower current.
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This was likely due to less cavities of the pure polymer layer which resulted in

decreasing electron transfer [137].
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Figure 3.5 (A) Cyclic voltammograms of bare gold electrode (Au), gold electrode

drop-cast with PMMA-urea solution before urea template removal

(PMMA-Urea/Au),

PMMA-Urea/Au  electrode after

urea template

removal (MIPs/Au), and PMMA/Au electrode (NIPs/Au), in 50 mM

KsFe(CN)s solution containing 0.1 M phosphate buffer pH 7.0. (B)

Schematic of the proposed mechanism for the MIPs sensor.
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3.3.1.3 Validation of template removal by FTIR

FTIR spectroscopy was applied to confirm the template removal by
characterizing the PMMA-urea coating layer before and after the removal of urea, as
shown in Figure 3.6. After the gold electrode was coated by the PMMA-urea solution
and cured with UV radiation, the observed IR absorption peaks implying the existence
of urea at around 3432 and 3331 cm'l, corresponding to the characteristic of N-H
stretching, and around 1682 and 1629 cm™ for the forming of strong hydrogen bonds
of bending NH; [138]. But after removal of the urea molecules from the coating layer,
the IR absorption peaks of urea disappear..Moreover, on closer inspection, the
absorption bands of ureafor the C=0 stretching around 1597 cm ™' and C=0 bending

around 557 cm_“are not noted for the MIPs layer afterthe template removal [138].
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Figure 3.6 FTIR spectra of PMMA-urea/Au electrode before and after template

removal.
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3.3.2 Optimization of MIPs modified electrodes

3.3.2.1 Volumes of the PMMA-urea composite solution

The thickness of the polymer membrane is significant factor that determines
the performance of the fabricated MIPs electrodes. In drop-casting, the volume of
the PMMA-urea composite solution has the most effect on the thickness of the MIPs
film. Figure 3.7 shows the difference in amperometric current responses (I, — /).
Where /, is the current signal of the MIPs electrode in KsFe(CN)s solution containing
0.1 M phosphate buffer, and /, is the response current of the MIPs electrode in the
same solution after 20 min_incUbation-in-1.0_ %10~ M urea solution. The MIPs
electrode was prepared by different drop-cast volumes (1.0, 1.5, 2.0, 2.5, and 3 pl) of
the PMMA-urea composite-solution at the fixed concentrations of 2.5 wt% PMMA and
0.4 wt% urea. The maximum current difference was obtained-in the volume range of
1.5 - 2.0 yl. For-the smaller volume range, the current difference.drops sharply. In
this case, the thickness of the polymer films may be insufficient, possibly resulting in
cracks and leakage current between the solution and the electrode. For larger
volume, the current response also decreases rapidly. Here the excessive thickness of
the polymer films should result in lower porosity of the-film and disrupt the ion

exchange channel.
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Figure 3.7 The effect of volume of the PMMA-urea solution for the MIPs fabrication.

3.3.2.2 Concentration of PMMA

The concentration of PMMA as the functional polymer in' MIPs films should
exhibit a similar effect to the volume of the PMMA-urea solution, resarding the
thickness of ‘the. MIPs films. In addition, PMMA concentration.may affect other
properties such as uniformity of the films. Figure 3.8 shows the current response of
the electrode fabricated with different PMMA concentrations (0.5, 1.5, 2.5, 3.5, and
4.5 wt%). In these cases, the urea concentration and the drop-cast volume were
fixed at 0.4 wt% and 1.5 pl, respectively. The response was investigated in 1.0 x 107
M urea. The best current response was obtained in the PMMA concentration range of
2.5 - 3.5 wt%. The current response decreases rapidly outside this range. This PMMA
concentration range for the drop-cast volume of 1.5 ul should result in the optimal

thickness and film quality.
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Figure 3.8 The effect of the PMMA concentration for the-MIPs fabrication.

3.3.2.3 Concentration of the urea template

The concentrationof “template molecules. affects ‘the density of the
molecular recognition cavities. As shown in Figure 3.9 the optimal response of the
MIPs electrodes was obtained in the concentration of the urea template between 0.4
- 0.5 %wt. In these cases, the PMMA concentration and the drop-cast volume were
fixed at 2.5 wt% and 1.5 pl, respectively. Outside this-optimal range of the urea
concentration, the current response gradually decreases. The effect of the template
concentration is therefore less critical thanthose of the PMMA concentration and the
drop-cast volume. This is consistent with the picture of three-dimensional
molecularly selective porous membrane rather than two-dimensional molecular
recognition surface. The three-dimensional percolating network of the molecular

cavities should be less affected by the template concentration.
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Figure 3.9 The effect of the urea template concentration for MIPs fabrication.

3.3.2.4 Urea incubation time

The effect of the time required for incubating the MIPs-coated electrode in 5
ml of the 1.0 x 1Oﬁ5 M urea solutions is illustrated in-Figure 3.10. In-these cases, the
electrode was fabricated with* 2.5 wt%. PMMA; 0.4 wt% urea,~and the drop-cast
volume of 1.5 pl. The. current response slowly increases as the incubation time is
prolonged and reaches a saturation level after 20 min. For this interaction volume,

the optimal incubation time-is, therefore 20 min.



63

104

Current (nA)

l/

<

s/7 10 15 20 25
Incubation time (min)

Figure 3.10.The effect of the incubation time for the MIPs fabrication.

3.3.3  Determination of aqueous urea samples

Amperometric responses- of the MIPs and the NIPs electrodes were
investigated for different concentrations of urea in aqueous. solutions as shown in
Figure 3.11. The MIPs electrodes were fabricated with 2.5 wt% PMMA, 0.4 wt% urea,
and the drop-cast volume of 1.5 pl-The NIPs electrodes were fabricated with the
same conditions but without urea. The incubation time was 20 min. The results
indicate that the response of the -MIPs electrode-is distinctively higher than that of
the NIPs which displays no current response throughout the whole urea
concentration range. The response of the MIPs electrode shows two ranges of
linearity for urea detection. The linear range for the lower concentration yields the
sensitivity of 12.48 pA per pUrea (the logarithm of urea concentration) for 2.0 x 10°
to 1.0 x 10° M ® = 0.998). The linear range of the higher concentration yields the
sensitivity of 2.11 pA per pUrea for 1.0 x 10*t0 1.0 x 10" M R’ = 0.983). The limit of

detection (LOD) for urea is found to be 8.0 x 107 M (S/N = 3). These linear ranges are



64

in good agreement with the target concentration range for urea detection in clinical

diagnostics which confirms the success of the MIPs sensor proposed in this work.
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Figure 3.11  Amperometric responses of MIPs and'NIPs electrodes at different urea

concentrations.

The two linear ranges. in the amperometric response of the MIPs-modified
electrodes may be explained by the different molecular. interaction mechanisms. At
low concentration of urea (2.0 x 107 to 1.0 x 10" M), hydrogen adsorption is the
main mode of interaction between the target molecules and the binding sites (as
shown in Figure 3.12). In contrast, the response of the MIPs electrodes at higher urea
concentration (1.0 x 10_4 to 1.0 x 10'1 M), should result from the domination of the
Van Der Waals force between the target molecules and the binding sites over
saturated hydrogen bonding adsorption [72]. It is generally known that the

recognition of the MIPs sensor depends on the functional groups, size and shape
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selection. Although the Van Der Waals force is a weak intermolecular force, but the

shape of a molecular template tremendously helps enhancing MIPs selectivity [68].
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Figure 3.12 Schematic of the PMMA and urea interaction.

3.3.4 Selectivity of the MIPs-modified electrodes

The 'selectivity of the MIPs electrode to the urea target molecule was
investigated by measuring the current response of interference species e.qg., thiourea,
methyl carbamate, glutamic-acid, ammonia, potassium-nitrate, and sodium chloride.
These molecules were selected due to the similarity in“the functional group,
molecular shape and size to urea. Figure 3.13 displays the amperometric responses
of the MIPs electrodes to urea and other interfering molecules at the concentration
of 1.0 x 107 M.

The results illustrate the highest current response of urea than the other
interfering molecules. Particularly, thiourea which is similar molecular structure to
urea shows the decrease in current response of 40% due to the sulfur atom (S) has
the larger size than oxygen atom (O) in urea. In addition, the higher electronegativity

of oxygen than sulfur makes the polarity of -C=O group in urea higher than -C=S
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group in thiourea resulting in the stronger interaction taken place in the cavity sites
of MIPs [32].

The current response for methyl carbamate was about half for urea due to
this molecule consist of only one amide group. In addition, the reduction of the
current response obtained from this molecule can be also explained by the different
in size between methyl carbamate and urea. The larger size of methyl carbamate
allows this molecule to interact with some part of the PMMA in the cavity sites. As a
consequence, the electrocatalytic molecule can pass through the surface electrode
resulting in the decrease of the current response.-For glutamic acid that has the
similar behavior with” methyl carbamate but larger moleeular size, the current
response was decreased even- lower than methyl carbamate. Thase results indicate
that the functional group is mere effective than the molecular size in the selectivity
of the MIPs sepsor.. The chemical substances consisting of amide-functional group
can be bonded with -C=0 g¢roup. of PMMA by hydrogen adsorption therefore urea
and thiourea with two amide groups have the current response higher than methyl
carbamate and’ glutamic acid. For different molecular sizes, the large molecules
cause the decrease of the decrease of the current response:

In case of ammonia, the significant reduction of current response comparing
to that of urea is observed. -However, the current response shows the similar level
comparing to methyl carbamate-and glutamic acid. This suggested that the ammonia
molecule which is smaller molecular size than urea ean makes hydrogen bonding
with PMMA, existing space in the binding cavities of the MIPs sensing membrane. This
situation allows electroactive pass through the surface electrode, as a consequence,
the reduction of the current response of ammonia is presented.

For potassium nitrate and sodium chloride that do not have the amide group
and have the higher polarity than urea, the current responses are barely observed.

This result can be attributed that the polarity does not have the affect on the



67

selectivity of the MIPs sensor. Our technique confirms the capability to sense urea

and similar molecules.
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Figure 3.13 ~The selectivity of the MiPs-modified electrode to 'urea and other

molecules at the same condition.

More importantly, the potential applications for the fabricated urea sensors
were tested in human. serum. The responses of the sensor were investigated with
urea in the presence of interfering. molecutes (AA;-Cr, UA and DA) in serum samples.
For healthy people, the highest level of AA, Cr, UA and DA are 2.85 x 10_5, 1.23 %
107 4.2 x 10_4,and 79 x 10°M, respectively [17]. The interference tests were done
in triplicate in the solutions containing 1.0 x 10~ M urea and interfering molecules at
the respective concentration levels of 1-fold, 10-fold and 100-fold (1.0 x 10_5 M, 1.0
x 10°M and 1.0 x 107 M) higher than the natural concentrations of coexisting

molecules in serum. Figure 3.14 shows the interference ratio (Alo/Alg) where Alg is

the response current of the MIPs electrode to 1.0 x 10_5 M urea, and Alp is that of
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3.3.5 Reproducibility, Repeatability and Stability of the MIPs electrodes
standard deviation (RSD) of 3.4 % was obtained as showed in Figure 3.15. This

Figure 3.14  Effects of interference ratio on current ratio: of various coexisting
fabricated MIPs electrodes (n=10) in 1.0 x 10° M urea solutions. The relative
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demonstrates that the MIPs electrodes fabricated by the solvent evaporation

technique were of good reproducibility.
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Figure 3.15 The current response for reproducibility of the MIPs‘electrodes.

Repeatability of the MIPs electrodes was investigated for three repetitions of
the measurements.in 1.0 x 10~5 M urea solutions by 10 identical electrodes. The RSD
of 1.4 % was obtained as showed in Figure 3.16, showing a high repeatability.

Storage stability of the MIPs electrodes was investigated by monitoring the
amperometric responses of the electrodes in 1.0 x 10~ M urea solutions after a
period of three months storage at room temperature (25°C in dry form). The retained
response of the fabricated electrodes was 94% after three months of storage as
showed in Figure 3.17. Due to PMMA has the glass transition temperature (T,) is
105°C, therefore the MIPs electrodes can be storage at ambient conditions. This
confirms an excellent long-term storage stability of the MIPs-modified electrode in

comparison to standard urease-based biosensors.
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Figure 3.16 The current response for repeatability of the MIPs electrodes.
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Figure 3.17 The current response for storage stability of the MIPs electrodes.
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3.3.6 Determination of urea in real sample

In order to demonstrate the application of MIPs urea electrode for clinical
analysis, urea in human serum samples were analyzed by the standard addition
method for the recovery test. The urea at different concentrations (1.0 x 10_5, 1.0 x
10_4, 1.0 x 10~ M) were added in the serum sample and were measured by the MIPs
urea electrode. The experiments carried out triplicately and the recoveries of the
MIPs urea sensors ranged from 95.4% - 105.6% as shown in Table 3.1. In addition the

sensor shows possibility to detect urea in real blood serum samples.

Table 3.1 Recovery testfor urea in human blood serum samples.

Urea concentration (M)
Measurement times Recovery (%)
Added Found’
st =5 -5
1 measurement 1.0 % 10 0.98x10 "+ 015 98.1
1.0 x 107" 1:03%10° % 0.23 103.3
1.0 % 107 1.05x10  +.0.25 105.2
nd =5 -5
2  measurement 1.0 %10 0.95x107 +.0.24 95.4
-4 -4
1.0x 10 0.96x10 -+ 0.31 96.3
1.0x 10 1.04%107 % 044 104.2
h -5 =
?;t measurement 1.0%10 102510 + 0.15 102.5
-4 -4
1.0 x 10 1.03x10 + 0.16 103.6
1.0x 107 1.05x10" + 0.25 105.6

a 3 s
Average of five measurements + standard deviation.




CHAPTER 4

NON-ENZYMATIC UREA SENSOR USING MOLECULARLY
IMPRINTED POLYMERS SURFACE MODIFIED BASED-ON

ION-SENSITIVE FIELD EFFECT TRANSISTOR (ISFET)

Overview - A novel molecularly imprinted electrochemical sensor based on
ISFET device has been developed for urea-detection sensor. The molecularly
imprinted polymers (MIPs)were prepared by photopolymerization on the surface of
ISFET device using' PMMA and urea as the functional polymer and molecular
template, respectively. The fabricated sensors were characterized by potentiometry
and UV-Vis ' spectroscopy. — The ~ preparation conditions | -were optimized for
performance «of the sensors, i.e. drop-cast volume. and incubation- time. The MIPs
modified ISFET sensors has linear range response from 0.1 - 100 mM with the limit of
detection of 0.1 mM (S/N =3).. The MIPs modified ISFET sensors atso exhibit excellent
reproducibility, repeatability. and stability, as well as high selectivity to urea and were

further applied to detect urea in.human blood serum samples with success.
4.1 Introduction

Urea concentration is-considerable indicator-in agricultural chemistry, food
science and environmental monitoring. Moreover, a urea has great significance in
clinical diagnostics, i.e. Blood Urea Nitrogen or BUN. This is related to the
concentration of nitrogen in the human serum in form of urea and indicator of the
kidney function [6]. Typical urea concentration for urea nitrogen in serum is 5 - 20
meg/dl (1.8 - 7.1 mM/L) [139]). Urea determination has many methods such as gas
chromatography, calorimetry and fluorimetric. These methods have disadvantages in

complicated, expensive and time consuming. Nowadays, an electrochemical method
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for urea biosensor has been widely studied due to simplicity, low cost and high
sensitivity [14]. lon-sensitive field effect transistors (ISFET) is electrochemical
biosensor has been interested in development to wide range application devices
such as glucose [93], triglycerides [94], creatinine [95] galactose and polyphenol [96] .
The advantages of ISFET based biosensor are small size, high sensitivity, high level of
activity, low cost and rapid response time [124]. The ISFET was first introduced by
Bergveld in 1970 [80]. And then, in 1980 ISFET based enzyme biosensor was
described by Caras and Janata [92]. The analytical technique for urea biosensor
based on ISFET is enzymatic hydrolysis-of urea-causes pH changes in the system [9].
However enzyme has limitations such as: enzyme activity,.enzyme stability and the
environment of using [18].

Recently, molecularly iimprinting technique has been- developed for non-
enzymatic sensor in electrochemical sensing for organic compounds. The advantages
over biological recognition including, stability, low cost, long: lifetime, high sensitivity
and widely. applied in sensor development [72,129]. Preparation -of molecularly
imprinted. polymers (MIPs), the molecular template and. functional polymer are
mixed in ‘solutions to-form a complex. The polymer-template - solution is co-
deposited on the surface of an electrode. After that, the molecular template was
removed from the polymer matrix, leaving molecular cavities has'complementary to
the template in size, shape, and functional groups [135]. The response of MIPs sensor
to target molecules may be-similarly enzymatic mechanisms into two strategies for
molecular detection. One is response higher occurred the chemical reaction between
polymeric membrane and template molecule, generated a charge or electron [67].
The other is the template molecules that are embedded into the molecular cavities
which similar to the inhibition of enzymatic activities [74,75], obstruction for charge
transfer to the surface of the electrode is the cause of the reduction of the response
signal [71]. This approach has been presented for MIPs sensor by incubating the

sensor in a sample solution before measuring the response in an electrolyte [135].
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In this chapter, we reported a novel molecularly imprinted sensor based-on
the ISFET device for urea detection. Urea was used as the molecule template and
poly(methyl methacrylate) (PMMA) used as the functional polymer. The ISFET sensing
area was coated by drop-casting of the PMMA-urea solution and exposed to UV
irradiation for photopolymerization. Urea molecular templates were removed by
immersion in DI water. The sensor was characterized by potentiometry and UV-Vis
spectroscopy. The sensitivity, selectivity, repeatability and reproducibility of the

fabricated sensor have been investigated.

»

I

Figure 4.1 ISFET sensor.and Ag/AgCl reference electrode from Thai Microelec-

tronic Center (TMEC).

4.2 Materials and methods

4.2.1 Chemicals and reagents
All chemicals and reagent were used analytical grade and de-ionized (DI)
water (Resistivity >18 MQ/cm) was used in all experiments. Urea, methyl carbamate,

glutamic acid, Sodium Chloride (NaCl), uric acid (UA), ascorbic acid (AA), dopamine
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(DA), creatinine (Cr) human serum and sodium chloride (NaCl) were purchased from
Sigma-Aldrich,  poly(methyl  methacrylate) (PMMA)  from  Acros  organics,
dimethylformamide (DMF) from Labscan Asia. Potassium nitrate (KNO,), sodium
dihydrogen phosphate (NaH,PO,) and disodium hydrogen phosphate (Na,HPO,) were

ordered from Ajax Finechem, and pH buffer solution from CARLO ERBA Reagents.

4.2.2 ISFET device and measurement

The ISFET devices obtained from Thai Microelectronic Center (TMEC). The
ISFET microdevice has cate area 100 x 2000 pm2 and-has silicon nitride (SisN,) as
sensing membrane. In-‘addition; electrical and chemical specifications were shown as
Table 4.1. For the electrochemical measurement, the ISFET-and MIPs modified ISFET
were used as working electrode; while an Ag/AgCl (3 M of KCl) was used as reference
electrode. The ISFET response characteristic was determined at gate-source voltage
(Vgs) variations. by, using a constant drain-source ‘current (lps = 30 WA) and constant
drain-source voltage (Vps = 300 mV). Schematic of the electrical power using constant
current-constant voltage circuits' was illustrated in Figure 4.2, The voltage response
was measured by microprocessor number. ADuC847 from Analog Devices, Inc. with
A/D (analog to digital) 24 bit. This circuit was operated and recorded all data via a
serial port (RS-232) connection.to-the computer, by using a Labview software
program.

The pH sensitivity and calibration-curves of ISFET sensor have been measured
with standard pH buffer solution. The MIPs modified electrode was incubated in 5 ml
urea solution for 5 min and then measured the voltage response of the MIPs sensor

in phosphate buffer solution pH 7.0. [135].



Table 4.1 Specification of ISFET sensor.

Specification Value

Physical specification

sensing membrane SiOy/SiasNg

chip dimensions L=6mm, W=2mm
gate length 2,000 pm

gate width 100 pm

Electrical specification

operational drain voltage, Vy 03V
operational drain current, Id 30 LA
threshold voltage, Vi, 0.5V =-20V

(V= 0.3V pH = 7
leakage current, || 10 nA

(Vegr = 3VpH = 7)

Chemical specification

sensitivity; S 40-50 mV/pH

| E !
Ref.

I

1

....... @ R; =100K

Ve

215K

Figure 4.2 Schematic of constant current-constant voltage circuits [140].
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4.2.3 ISFET surface modification

The ISFET surface was cleaned with ethanol and DI water in ultrasonic bath
for 5 min in each step. The polymer-urea solution was prepared by dissolve 2.5 wt%
of PMMA and 0.4 wt% of urea in 10 ml of DMF and sonication for 10 min. The ISFET
surface area of 6 mm’ was coated by 1 pl of mixture solution and curing with
ultraviolet radiation (Stratagene UV Stratalinker 1800) for 15 min. After the polymer-
urea layer on ISFET surface was immersed in DI water for 1 h to remove the urea
template molecules form the polymer layer then the MIPs membrane was
produced.

Validation of urea template removal for MIPs membrane on the ISFET sensor
cannot determine by a direct-method such as FT-IR; due to a small surface area of
the ISFET sensor. Therefore, the template removal characteristic of the MIPs
membrane was.investigated by UV-Vis spectroscopy (T92+ UV-VIS spectrophotometer
from PG Instruments Ltd.) which is an indirect method. The PMMA-urea coating layer
on the ISFET sensor was immersed in DI water and then measurement DI water

before and after washing PMMA-Urea coating layer [26].
4.3  Results and discussion

4.3.1 Characterization of MIPs modified ISFET sensors

4.3.1.1 Electrochemical measurement

The pH sensitivity of ISFET-sensors at different fabrication stages were tested
in pH buffer solutions (4, 7, 10). The sensitivities of different fabricated ISFET devices
were shown as the slope of characteristic curves displayed in Figure 4.3. The PMMA-
urea/ISFET sensor has lower sensitivity than SisNg/ISFET sensor because of the
polymer-urea layer obstructs the charges that pass through to the electrodes of
device affected to high voltage. After the urea template molecule removal, the

surface of sensor becomes to porous membrane so the MIPs/ISFET sensor exhibits an
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increased sensitivity. However, the response voltage level of the MIPs/ISFET sensor is

higher than the SisN./ISFET sensor [71,135].
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Figure 4.3 The voltage .and pH characteristic -of “fabricated sensors, PMMA-

urea/ISFET (solid line), MIPs/ISFET (dash line) and-SisNy/ISFET (dot line)

in‘pH buffer solutions.

4.3.1.2 Characterization of removal template

The UV-Vis absorption spectroscopy was ‘applied to confirm the template

removal characteristic of DI water before and-after washing PMMA-urea coating layer.

Figure 4.4 shows UV-Vis spectra of DI water and elution solution. The reference

solution i.e. DI water has no absorption peak between 200 - 900 nm, while the

elution after washing coating layer has the absorption peak of urea could be found

at 230 nm. The reason is due to the urea template molecules have been removed

from the polymer matrix.
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Figure 4.4 UV-Vis absorption spectra of Dl water and elution solution.

4.3.2  Optimization of MIPs modified ISFET sensor
4.3.2.1 - Optimization of the volume of the polymer-urea composite
solution

The performance of the MIPs modified ISFET depends on the thickness of the
polymer membrane: This is-consistent with the drop-cast. volume of the polymer-
urea composite solution. Figure 4.5 shows the voltage response of MIPs modified
ISFET sensor to 1 mM urea-The-volume of PMMA-ureacomposite solution at 1.0 pl
obtains maximum response. When the volume of PMMA-urea composite solution
less than 1.0 ul, the response voltage was decreased because the polymer film may
cracks while urea template molecule was removed. If the volume of composite
solution more than 1.0 pl, the urea template molecule cannot completely remove

from polymer matrix caused by the film thickness [26,135].
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Figure 4.5 The effect.of volume of the PMMA-urea solution.for the MIPs fabrication.

4.3.2.2 Effect of the incubation time

Investigation the effect, of /incubation time to the output response of the
sensor, the MIPs modified ISFET sensor was studied in 1 mM urea solution for 1, 3, 5,
10 and 15 min at room temperature, Figure 4.6 shows the voltage response with the
incubation time. When the incubation timeis increased the voltage is increased and

saturated after 5 min. Therefore, the optimal of incubation time‘is’5 min.
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Figure 4.6 The effect of inclubation time for the MIPs measurement.

4.3.3 - Determination of aqueous urea samples

The electrochemical responses of the MIPs and NIPs-modified ISFET sensors
have been investigated in urea solution at different concentrations (from 0.1 mM -
1.0 M) as shown'in Figure 4,7. The results representthe obviously highest response of
the MIPs sensor, while the NIPs sensor-has no~trend response for all urea
concentration ranges..The response of the MIPs sensor to. urea was found to be
linearity in the range of 0.1 =100 mM, with the sensitivity of 18.4 mV/pUrea R =

0.992). The limit of detection (LOD) for urea is 0.1 mM (S/N = 3).
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Figure 4.7 Voltage-response of ‘MIPs (solid-line) and NIPs_(dash line) modified

ISFET sensors in different urea concentrations.

4.3.4 Selectivity of the MIPs modified ISFET sensors

Specific. recognition-to the urea 'target molecule has been important for
developing the ‘MIPs modified. ISFET sensor., In order ‘to check 'the  selectivity of
molecularly imprinted senser, methyl carbamate, glutamic -acid, potassium nitrate
and sodium chloride were' chosen for interference studies, which molecules methyl
carbamate, glutamic acid and potassium nitrate have a-similar structure to urea, and
sodium chloride has interaction type to urea in the blood sample. Figure 4.8 displays
the voltage response of MIPs modified ISFET sensor to urea and four substrates at
concentration of 1 mM for all solutions. The result shows that the voltage response
of urea has higher than four other interfering molecules. It can imply that the
molecular cavities from removal template molecule on surface of fabricated MIPs

modified ISFET sensor has highly specific to urea molecules.
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Figure 4.8 The voltage response of MIPs-modified ISFET sensor to Urea and other

molecules.

The potential_applications for the fabricated urea sensors were tested in
human serum. The responses. of the sensor were ~evaluated with urea in the
presence of interfering motecules (AA; Cr, UA and DA). in serum samples. The
interference tests were done in 1 mM urea and interfering molecules at the
concentration levels of 1, 5;and-10. mM containing L mM urea. Figure 4.9 shows the
interference ratio (AVs/AVy) where AV, is the voltage output of the MIPs electrode
to 1 mM urea, and AV, is that of the MIPs electrode to the coexisting molecules
with 1 mM urea. The relative standard deviation (RSD) of the voltage ratios ranged
between 1.3 - 4.5 %. This indicated that the coexistence concentration might not
affect the urea detection signal and this MIPs modified ISFET sensor exhibits high
selectivity which will be useful and can be applied for detecting urea in serum

samples.
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molecules UA (a), AA{b), Cr (c), and DA (d) at the concentrations of 0

10-fold (10 mM)_in 1 mM urea

M, 1=fold (1 mM), 5-fold (5 mM);

solutions.

43,5 Reproducibility, Repeatability, and Stability of the MIPs modified

ISFET sensors

Reproducibility of the fabricated sensor was determined by using 1 mM urea

with ten MIPs modified ISFETsensors which prepared at same conditions. The

relative standard deviation (RSD) of voltage response was calculated to be 3.4%,

represented that the MIPs modified ISFET sensors are a good reproducibility [129].

Repeatability of the MIPs modified ISFET sensor was defined by using ten

same fabricated sensors measured in 1 mM urea for 3 times. The RSD of 2.5% was

observed for a good repeatability [129].
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Storage stability of the MIPs modified ISFET sensor has been investigated by
comparing the voltage response of 1 mM urea for a period of two months at room
temperature. The response of the sensors has retained 95% after two months. The
result was indicated that our novel MIPs modified ISFET sensor has excellent long-

term storage stability.
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Figure 4.12 The voltage output for storage stability study of the MIPs electrodes.

4.3.6 Determination of urea in real sample

The MIPs modified ISFET sensors. were applied to measure the urea in the
blood human serum for clinical analysis, urea in human serum samples were
determined by the standard addition method for the recovery test. The serum
sample with three different urea additions was measured and obtained the
recoveries ranged from 95.3% - 104.9% as shown in Table 4.2. In addition, the sensor

shows the possibility to detect urea in real blood serum samples.



Table 4.2 Recovery test for urea in human blood serum samples.

Urea concentration (mM)
Measurement times Recovery (%)
Added Found”
t
1° measurement 1.0 096+ 0.12 96.3
5.0 506 £ 017 101.3
10.0 10.36 + 0.52 103.6
d
.2n measurement 1.0 1.05+0.11 104.7
5.0 501+ 019 100.3
10.0 9.93.+0.54 99.3
h
3 measurement 1.0 0.95+ 0.09 95.3
5.0 5.04 +£0.18 100.8
10.0 10.49 +0.47 104.9

a . ) L
Average of three' measurements + standard deviation,
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CHAPTER 5

CONCLUSIONS AND OUTLOOK

This thesis demonstrates a successful MIPs urea sensor fabricated using a
simple method on the gold-coated electrodes and ISFET sensors. The PMMA-based
MIPs sensors are synthesized by solvent-assisted drop casting technique. The urea-
sensing responses of the MIPs sensors on gold-coated electrode yield two linearity
ranges from 2 - 100 uM and 0.1 - .100mM with-the limit of detection is 0.8 uM (S/N =
3). For the urea measdrement in the human blood serum, the MIPs urea sensor
obtained the recoveries range between 95.4% - 105.6%. The MIPs modified ISFET
sensors have linear range response from 0.1 - 100 mM with the limit of detection is
0.1 mM (S/N'= 3). In order te measure urea in_the human blood serum, the MIPs
modified ISFET sensors have the recovery range between 95.3 - 104.9 %. The MIPs
sensors also exhibited high reproducibility, repeatability, as well as high selectivity to
urea with storage stability-in.ambient conditions. This-work, we have filed a patent
number applicant 1501000653 in the title of "Polymeric selective-membranes for
non-enzymatic detection of urea and organic compounds".

The electrochemical sensors with the urea-MIPs ' membrane are promising to
develop for clinical. diagnostic assay. The MIPs urea sensor should be developed to
the portable device for urea measurement in the blood samples. The blood cells are
mainly red blood cells, white blood cells and plaletes that affect to the
electrochemical detection. Consequently, it is necessary to separate blood cells and
collect only plasma or serum to detect BUN. To separate blood cells, we need to
perform in close system, therefore the microfluidic, which is the fluid manipulation in
micro/nano scale, is promising to integrate with the MIPs sensors [141-144]. Such a

diagnostic tool will be a very useful for either scientific purposes or medical.
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ARTICLE INFO ALB_S-T RIA E{D

High sensitivity and very low drift rate pH sensors are successfully prepared by using nanocrystal-TiO»
as sensing membrane of ion sensitive field effect transistor (ISFET) device fabricated via CMOS process.
This paper describes the physical properties and sensing characteristics of the TiO; membrane prepared
by annealing Ti and TiN thin films that deposited on SiO;/p-Si substrates through reactive DC magnetron
sputtering system. The X-ray diffraction, scanning electron microscopy and Auger electron spectroscopy
were used to investigate the structural and morphological features of deposited films after they had been
subjected to annealing at various temperatures. The experimental results are interpreted in terms of the
effects of amorphous-to-crystalline phase transition and subsequent oxidation of the annealed films.
The electrolyte~insulator-semiconductor (E1S) device incorporating Ti—O—N membrane that had been
obtained by annealing of TiN thin film at 850 'C exhibited a higher sensitivity (57 mV/pH), a higher
linearity (1), a lower hysteresis voltage (1 mV in the pH cycle of 7 — 4 — 7 — 10— 7), and a smaller drift
rate (0.246 mV/h) than did those devices prepared at the other annealing temperatures. Furthermore,
this pH-sensing device fabrication process is fully compatible with CMOS fabrication process technology.
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1. Introduction

Ion sensitive field effect transistor (ISFET) was first invented by
Piet Bergveld in 1970 [1]. ISFET was developed from Metal oxide
semiconductor field effect transistor (MOSFET) by removing the
metal gate and leaving the gate dielectric intact. This gate dielectric
or so-called “sensitive membrane” is used to sense the concentra-
tion of the hydrogen ions in a solution. The gate is replaced by an
external reference electrode to monitor the sensor output signal
[2]. In addition, Fog et al. reported properties of a number of metal
oxides for pH measurements, i.e. Taz0s5 [3], Al,03 [4] and TiO; [5]
for instant.

TiO, thin film, in particular, is of interest for many research
groups due to the various properties such as high refractive index,
high dielectric constant, chemically stable, and water insoluble [6].
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0169-4332/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
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In the past years, it has been studied about the activity of TiO,
which lattice is substituted of several metal ions, such as Fe, Cr, Pt,
Ta, etc. However, several serious problems have been pointed out
about the chemical stability. In 2004, Suda et al. studied the doped
TiO, with nitrogen (N). They found that the crystalline structure of
deposited film has changed from TiO; to TiN when the nitrogen con-
centration ratio increased. Based on these results, it was found that
the TiO,_4Ny films have anatase crystalline structure with nitrogen
doped into TiO; oxygen sites, which leads to different properties
[7].

This paper reports the studies of TiO, film prepared from two
different initial films; Ti and TiN by dc magnetron sputtering in
CMOS process line. After depositing the films on prepared Si wafers,
the deposited films were annealed at various temperatures from
450 to 850°C in nitrogen furnace. The effect of initial films and
annealing temperature were then characterized and analyzed in
terms of their crystal structures, surface morphology and chemical
composition. The pH sensitivity was later characterized by means
of electrolyte-insulator-semiconductor (EIS) structure to find the
optimal condition for incorporating TiO; film in the ISFET. These
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Fig. 1. EIS structure device for pH sensitivity characterization.

TiO,-ISFET devices were successfully done compatible with CMOS
fabrication process.

2. Experimental
2.1. Tiand TiN thin films growth

The Ti and TiN films studied in this report were grown on 6”
p-type Si wafers with 100 crystal orientation. The resistivity of the
waferswas 20-30 Q cm. Initially thermal oxide of 10 nm was grown
on the wafers then either Ti or TiN film was then sputtered on the
wafers.

Ti thin film was grown with dc magnetron sputtering tool
(model ILC-1051 from Anelva). The Ti target had purity of 99.999%
with diameter of 342mm. The chamber based pressure was
below 1x 10~7 mbar. The sputtering gas was Ar with purity of
99.999%. The Ar gas was supplied with 40 cm?/min at pressure of
4 x 10~3 mbarwith the chuck temperature controlled at 100 *C. The
dcinput power supplied to the system was set to 1.5 kW. The Ti film
was grown to the thickness of 30 nm. The substrate chuck was not
heated in the process while, the 30 nm of TiN was similarly grown
on the other Si wafer. The Ny with purity of 99.9999% was used
as the sputtering gas and the reactive gas in the process. The Nj
flow rate of 40 cm?/min was fed into the chamber at the pressure
of 4 x 103 mbar. The dc input power supplied to the system was
set to 6 kW.

Then prepared samples from both processes were annealed
at temperature of 450, 550, 650, 750, 800, and 850°C in N-
atmosphere at 1 atm (Diffusion furnace model TMX 10,000 from
Thermco system) for 30 min. The N5 flow in furnace was controlled
at 14 1/min.

2.2. Tiand TiN EIS devices fabrication

The pH sensitivity test of the films of interest, i.e.
Ti/SiOz/p-Si and TiN/SiO/p-S, were characterized by means
of the capacitance-voltage (C-V) measurements on the
electrolyte-insulator-semiconductor (EIS) structure as shown
in Fig. 1. The characterization was done on the films with the
annealing temperatures of 750, 800, and 850°C at which the films
were insulators. The backside Al film of 1100 nm thickness was
then connected electrically with copper interconnect on printed
circuit board (PCB) through bonding wires using special silver
paste. The exposed area of the film on each EIS structure was
1cm x 1cm. Five EIS structure devices were taken from five parts
of the p-Si wafer, i.e. center, right, left, top, and bottom.

2.3. Characterizations

Crystal structure, surface morphology and chemical composi-
tion were obtained with XRD (Model TTRAX 111 from Riagku),
FESEM (model S4700 from Hitachi) and AUGER (PHI700 from
ULVAC), respectively.

Additionally the C-V characterization of the films was done on
the respective EIS structures using Agilent model B1500A with par-
allel capacitance-impedance model. The cable compensation was
done before the measurement using open circuit compensation at
the measurement frequency. The dc input voltage range was from
-5 to 5V. The small signal was set at 30 mV at the frequency of
1kHz. The film thickness was calculated at the accumulation region
of the C-V curve.

The pH sensitivity, linearity and hysteresis were obtained
from C-V measurement of the EIS structures by submerging the
structures in the buffer solutions with pH cycle of 7-4-7-10-7,
respectively. Each cycle takes 5 min. The drift rate was calculated
from the measurement of the EIS structure in a pH 7 buffer solution
for 10 h continuously.

3. Results and discussion
3.1. Physical properties

With Glancing angle diffraction system, it was found that the
titanium (Ti) thin film was amorphous before annealing and was
crystallize after annealing at 550 and 650°C in N3 at 1atm. The
small XRD peaks exhibits at 27.92° and 27.50°, respectivelyin(101)
plane corresponded to anatase-TiO, structure.

At higher annealing temperature of 750°C, there existed XRD
peaks at 36.63°, 41.85°, and 54.87° representing polycrystalline
TiO, with rutile (R) crystal structure in (101), (111) planes and
anatase crystal structure in (105) plane, respectively as shown in
Fig. 2. The highest crystalline presence in the film was preferred of
R (101) orientation. The XRD peaks shifted toward lower angles
as the annealing temperatures were increased to 800 and 850°C.
By means of the oxygen incorporation, at higher temperature the
oxygen atoms can more react with Ti atoms to form of TiO, crys-
tal than at lower temperature that causes the expansion of crystal
lattice [8,9]. This result agrees with the result from AES that found
higher oxygen content at higher annealing temperature. Further-
more, FE-SEM also showed larger surface grain boundary at higher
temperatures as shown in Fig. 3.

From the Beer-Lambert law, the lattice constant of TiO;
increased as a result of higher possibility of oxygen atoms
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Fig. 2. XRD of Ti thin film before and after annealing with temperature of
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Fig. 3. Electron micrograph of surface topology on Ti thin film after annealing tem-
perature at 450-850 'C.

reacting with Ti atoms at higher temperatures, and therefore,
expansion of lattice crystal structure [8,9].

The Auger spectra corresponding to the Tipn, Tipmy, Nk, and
Ok transitions is represented as a function of the annealing
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Fig.5. The XRD pattern of TiN thin film before and after annealing with temperature
of 450-850°C.

temperature as demonstrated in Fig. 4. Unfortunately, the typical
overlap between the Auger transition of Tipyy (390eV) and Ngpp
(389 eV) appears. Therefore the Auger spectra of Ti and N cannot
quantify the atomic concentration with precision. But the Auger
spectra shape used to identify the different Ti compounds that
appear along whole experiments.

Fig. 4(a and b) show the Auger spectra of annealed titanium
filmsat450 and 850°Cin N; environment furnace, respectively. The
Tipwm, Tipyy and Ok transitions were compared to database that
similar to the Auger spectra shape of titanium-oxide (TiO). They
were considered as TiO is in different chemical states. The Ti peak
was fitted with several components which were identified as Ti
atoms in different oxidation states, namely TiO, Ti; 03, TiO, and
Ti-OH.

For the sputtered titanium nitride (TiN) thin film, the XRD result
shows amorphous phase of thin film before annealing. However
after annealing at 450, 550 and 650°C, there were XRD peaks at
35.87°,36.71° and 36.79° represented TiN crystal with cubic struc-
ture in (111) plane as shown in Fig. 5. It was found that the
XRD peak of TiN on (111) plane shifted toward higher angles as
increased annealing temperature. This showed that the lattice con-
stantof TiNon (11 1) plane decreased asaresultof nitrogen vacancy
[10]. At higher annealing temperatures, oxXygen atoms were reac-
ting with Ti atoms to form TiO, with R(111) and A(105) mixing
with TIN(T 11).
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Fig. 4. Auger spectra of Ti thin films after annealing at 450 - C (a) and 850-C (b).
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Fig. 6. Electron micrograph of surface topology of TiN thin film after annealing with
temperature of 450-850°C,

At higher annealing temperature in the range of 750-850°C,
there existed a phase change due to increasing amount of oxygen
atoms able to react with Ti atoms resulting in TiO; with R (110)
structure. At the same time, the TiN phase was reduced noticeably
as exhibited in Fig. 5.

From the scanning electron micrograph (SEM) on the surface of
TiN before and after annealing process, Fig. 6(a) shows the surface
morphology of the N film as 450 °C annealing temperature that cor-
responded to amorphous phase from XRD peak. As the annealing
temperature was increasing, the surface morphology showed the
increasing of grain boundary as the increasing of annealing temper-
ature and distinct phase contrast of different grain types mixing
together as exhibited in dark and white shades (Fig. 6(b-f)). This
was in agreement with XRD result identifying both TiN and TiO;
crystals in the film.

In Fig. 7 shows the Auger spectra of annealed titanium nitride
(TiN) films at 450 and 850°C in N, environment furnace. In Fig. 7(a
and b), the Tivm, Tipmy, Nk and Oy transitions were compared
to database and corresponded to the results of XRD. Their spectra
were similar to the Auger spectra of titanium nitride (Ti=N) and
titanium oxide (Ti—0). Therefore, the Auger spectra in Fig. 7(a) and
Fig. 7(b) were considered as titanium-oxide-nitride (Ti—0—N).

3.2. Electrical properties

3.2.1. Dielectric constant
Physical layer thickness and corresponding equivalent oxide
thickness (EOT) of MIS structures (Ti/SiO,/p-Si, TiN/SiO5/p-Si) are

209

Table 1
Equivalent oxide thickness for gate stacks.
Physical thickness Annealing EOT (nm) Dielectric
temperature ('C) constant
10 nm Si0,/30 nm Ti 750 11.82 24.74
800 12.12 27.36
850 11.74 2492
10 nm SiO2/30 nm TiN 750 11.24 19.44
800 11.18 22.68
850 11.12 22.79

listed in Table 1. The EOT was calculated from the accumulation
capacitance of C-V curves.

Table 1 shows that the dielectric constant for the TiO,/SiO;
stacked layers range from 19.4 to 27.4, depending on the as-
deposited stack layers, Ti/SiO, and TiN/SiO, stacks, and the
annealing temperature. The dielectric constant of TiO; film pre-
pared from Ti film was higher than the one prepared from TiN.
This might be a result of TiO, film prepared from annealing TiN
film having mixture of both TiN phase and TiO; phase. As a result,
the dielectric constant was calculated to be lower than TiO, film
prepared from annealing Ti film having only a single TiO, phase.

3.2.2. Sensing characterization

The pH sensitivity can be calculated by plotting the normalized
C-V curve of the EIS-structure device (electrolyte-Insulator-
Semiconductor) with TiO, layer, which were annealed at different
temperatures. The measurement of sheet resistance of these films
using 4-point probe found that the annealing Ti and TiN at tem-
perature higher than 750°C completely converted these films to
insulator. The pH sensitivity of EIS devices, as tested in standard
pH buffer solution of 4, 7, and 10, showed the shifting of flat-band-
voltage as calculated at 0.6 of the Normalized C-V curve shown
in Fig. 8. This phenomenon could be explained by examining the
site-binding model [11].

Each C-V curve, from pH buffer solutions, was an average of 5
samples from different sites in a wafer, Fig. 8(a) was from annealed
Ti film, and Fig. 8(b) was from annealed TiN film. The annealing
temperatures of 750, 800, and 850°C showed that a temperature,
high enough to change phase of Ti and TiN film to TiO,, produced
pH sensitivity within similar range of 56-59 mV/pH with linearity
close to 1.

Hysteresis is an effect of defects in dielectric films [12].
With annealing temperature of Ti and TiN films in the range
of 750-850<C, Table 1 shows that higher annealing tempera-
ture caused the hysteresis to decrease to 8+4mV and 2+2mV,
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Fig. 7. Auger spectra of TiN thin films after annealing at 450 C (a) and 850°C (b).
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Fig. 8. C-V characteristics of EIS device with different TiO; films.
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Fig. 9. Cross-sectional view from FE-SEM.
(a) Annealing Ti in Nitrogen atmosphere at 850 °C.
(b) Annealing TiN in Nitrogen atmosphere at 850°C.

respectively (average from 5 sampling sites on a wafer). From the
experiment, it was clear that TiO; boding from annealing Ti film
had higher hysteresis than the one from annealing TiN film. These
results were due to the better chemical stability of Ti—=O—N than
Ti—0 boding.

By choosing the annealing temperature of 850°C for both Ti
and TiN films having lowest hysteresis rate, the drift rate of the
nanocrystal-TiO; EIS devices was tested continuously in pH 7 buffer
solution for 10 h. It found that the film from annealed TiN film was
shown a very low drift rates of 0.246 mV/h. This result can explain
by examining the cross-sectional views from FE-SEM. It was found
that the interface of annealing Ti film (Fig. 9(a)) had higher num-
ber of defects than the annealed TiN film (Fig. 9(b)) which causes
the driftin pH measurement. Fig. 10 showed the drift rate revealed
from annealed-Ti and annealed-TiN at 850°C annealing (Table 2).

To select an appropriate condition for fabricating TiO, suitable
for the CMOS fabrication line, we considered the uniformity of

Table 2
Sensing characterization.

Physical thickness Annealing Sensitivity  Linearity Hysteresis
temperature (‘C)  (mV/pH) (mV)

10 nm Si0,/30 nm Ti 750 56.81 0.9997 13 +£7
800 59.75 0.9999 949
850 57.35 0.9999 8+4

10nm Si0;/30nm TiN 750 57.57 0.9995 17 £ 16
800 58.83 0.9998 6+5
850 57.44 0.9998 2+2

1.0 TiN annealed in N, 850 °C
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TiO, film by examining the C-V characteristics from the Ti and
TiN annealed at 750, 800, and 850°C (Fig. 8). Then we compared
different standard deviation (SD) of the measurement of flat-band-
voltage instandard pH buffer solution of 4, 7,and 10, from 5 samples
of EIS devices that were from 5 sampling sites on a wafer as shown
in Fig. 11. The analysis could be separated into two parts.
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Fig. 10. Drift characteristics EIS device with different TiO; phase of sensing mem-
branes.
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Fig. 11. Comparison of standard deviation in pH buffer solution 4, 7, and 10 of EIS devices prepared from annealed Ti and TiN at different temperatures from 5 sites on a

wafer.

3.2.2.1. Inthecaseofannealed Timembrane/EIS device. The standard
deviation determined from pH measuring of annealed-Ti EIS
devices in buffer solutions of pH 4, 7 and 10 is increased as a func-
tion of pH value in every annealing temperature. However, for the
same pH, the EIS device with higher annealing temperature showed
lower standard deviation. The EIS device with Ti film annealed at
850°Cshowed the lowest standard deviation of flat-band voltage as
compared with measurement from acid and base which may cause
of the chemical instability of annealed-Ti film.

3.222. In the case of annealed TiN membrane/EIS device. The
standard deviation determined from pH measuring of annealed-TiN
EIS devices in buffer solutions of pH 4, 7 and 10 is very differ-
ent. The standard deviation is increased as a function of pH value
determined from annealed-TiN-EIS at 750°C and is decreased as a
function of pH value determined from annealed-TiN-EIS at 800°C.
Only the EIS device with TiN film annealed at 850°C showed the
lowest standard deviation of flat-band voltage as compared with
other devices and offered quite similar value for measurements
from every pH values (acid, neutral, base). This reveals that the
annealed-TiN film has more chemical stability due to crystalline
structure, surface morphology, chemical composition and interface
defect represented on the characterizations.

4. Conclusion

High-performance ISFET-pH devices incorporating nanocrystal-
TiO, as sensing membrane have been developed compatible to
CMOS fabrication process. The reactive dc magnetron sputtering
was used to deposit 30nm of Ti and TiN thin films on SiO;/Si
substrates with various annealing temperature in Ny furnace. The
presence of TiO, structures in annealed-Ti and annealed-TiN was
confirmed by means of XRD, FE-SEM and AES analysis. In as
deposited Ti and TiN, their phases were changed from amorphous-
to-crystalline transition phase at high annealing temperature. The
optimal condition was found to be an annealing temperature at
850°C for both Ti and TiN thin films. At high temperature anneal-
ing of TiN thin film, the Ti—O—N composition was presented. The EIS
device incorporating TiN film annealed at 850 °C exhibited a highest

sensitivity (59 mV/pH), a good linearity (1), a very small hystere-
sis voltage (1 mV in the pH cycle 7—+4—7— 10— 7), and a low
driftrate (0.246 mV/h)in pH 7 buffer solution for 10 h continuously.
This result can be explained by the presence of a chemical stable
of well-crystallized Ti—O—N and no interface defect with dielec-
tric layer. The standard deviation flat-band-voltage of Ti—O—N EIS
device revealed that this [SFET-pH device can be successfully fab-
ricated with inline CMOS fabrication process.
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Abstract. Solid state pH-sensor device with high efficiency has successfully prepared by using TiN
thin film as sensing membrane of extended gate field effect transistor (EG-FET) device. This
research has described the physical properties and sensing characteristics of TiN membrane thin
film which deposited on SiO3/Si substrate through reactive D.C. magnetron sputtering system.
Thenanocrytal-TiNwith anatasestructure depended on substrate heating conditions was revealed
from glancing angle x-ray diffraction. The Ips-Vgs measurement in the standard buffer solutions
showed that the sensitivity of fabricated TIN-EGFET pH deviceis 59.82mV/pH.

Introduction

The pH value is the significant parameter in wide applications for example chemistry,
biochemistry, waste water, environmental and so on. The ion-sensitive filed effect transistor
(ISFET) first published by Bergveld [1]has more advantages than traditional glass electrodes for
instance: small size, rapid response, high input impedance, low output impedance and can develop
as biochemical sensors [2]. Ana-Si:H [2,3], Ta,05[2], a-WO3[2], Al,O5[4], SizN4[5], SnO;[6], and
TiO; [7] were fabricated as sensing membrane of ISFET. The extended gate filed effect transistor
(EG-FET) was first introduced by Van Der Spiegel er al[8] in 1983 with it's advantages over the
ISFET in properties which of cheaper, simple structure and easier packaging. The EGFET composes
of two component parts including sensing membrane and conventional metal oxide semiconductor
filed effect transistor (MOSFET). Mainly a sensing membrane of pH-ISFET and pH-EGFET almost
1s the metal oxide which has a high sheet resistance although the sensing membrane of pH-EGFET
should be a high conductivity material which can be transmitted electrical signal easily [9].
Therefore, metal oxide with electrical insulation property is not suitable for the sensing membrane
of pH-EGFET. Chuo et al. [10]had introduced to ruthenium nitride sensing membrane for pH-
EGFET and reviewed to other metal nitride used to sensing membrane of this structure.

In this work, the titanium nitride (TiN) thin films were prepared as external sensing membrane
gate FET device. The TiN thin films were deposited on a silicon (Si) substrate by d.c. magnetron
sputtering with different substrate heating temperatures. The sputtered TiN thin film and gate
electrode for pH-EGFET device were determind. The sensitivity of the fabricated pH-EGFET
device were characterized by current-voltage (I-V) measurement systems.

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the written permission of TTP,
www.ttp.net, (ID: 203.185.131.218-06/08/13,12:17:44)
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Experimental and Methodology

2.1 TiN Thin Film Deposition

The 50 nm of TiN thin fiilms were grown on p-type Si (100) substrates with different substrate
heating temperatures of 250, 350 and 450°C, respectively.The resistivity of the Si substrate was 20-
30 Ohm-cm. Initially the 10 nm of silicon oxide layer was grown on the substrate by thermal oxide
process then TiN thin film was sputtered from a 99.999% purity of Ti target by d.c. magnetron
sputtering system (model ILC-1051 from Anelva).The sputtering chamber base pressure was below
1x10”7 mbar. The N, gas with high purity of 99.9999% was used as the sputtering and the reactive
gas in during process. The N; flow rate of 40cc/min was fed into the chamber at working pressure
of 4x10” mbar. The D.C. input power supplied to the system was set to 6 kW.

2.2 TiN Thin Film Characterization

Crystalline structure, surface morphology and surface roughness of sputteredTiN grown at RT,
250, 350 and 450°C were obtained byGlancing Angle X-ray Diffraction (GAXRD) (model TTRAX
111 from Riagku). The sheet resistance of the sputtered thin films was determined using a four-
point probe.

2.3 The pH Sensitivity Measurement

The current-voltage (I-V) characteristic of the fabricated devices was measured by
usingAgilentB1500A Semiconductor Device Analyzer. The TiN-EGFET pH sensing device was
prepared by connecting the TiN/SiOy/p-Si device as the external gate electrode to a commercial
MOSFET gate electrode as shown in Fig.1. For pH measurement, the Ag/AgCl electrode in KCI gel
was prepared as the reference electrode as shown in Fig. 1. The TiN/SiO,/p-Si device and Ag/AgCl
reference electrode were immersed into standard buffer solutions with pH of 4, 7 and 10,
respectively. The pH sensitivity of fabricated TIN-EGFET sensor device was calculated form Ipg-
Vs curve measurement,

FD\303N TiN/Si0,/p-Si Drain
1

Reference
electrode

o7 MOSFET

Source
Extended gate

Buffersolution

Figure. 1 The fabricated TiN-EGFET pH sensing device as the external gate electrode

Results and Discussions

3.1 Physical Properties of TiN Thin Film

The XRD exhibits the peaks at 2-theta of 36° and 42.2° corresponded to (111) and (200) of
cubic-TiN crystal orientations as displayed in Fig. 2. This result reveals that the 50 nm thick
ofsputtered film at RT was amorphous-TiN phase while, the crystallinity of TiN will grow with
theincreasing of substrate heating temperature of 250 and 350°C. At the high temperature of 450°C,
the residue oxygen atom in the sputtering process can incorporate with Ti atom to form TiO, which
exhibits as a small peak at 2-theta of 38° agreed with (004) orientation of TiO, as shown in Fig. 2.
At the high substrate temperature in the TiN deposition process, the oxygen atom can
compoundwith Ti to form TiO; with anatase structure (004) at 38° [11].
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Titanium nitride 50nm

Intensity (a.u.)

26 /degree

Figure 2. XRD pattern of the sputtered-TiN at difference substrate temperature of RT, 250, 350and
450°C

3.2 TiNThinFilmElectricalProperty

For electrical property of prepared-TiN thin film, the sheet resistance was measured by a four-
point probe instrument. The sheet resistance values are 56.863, 51.338, 45.421 ohms per square for
deposited-TiN thin films at substrate heating temperature of RT, 250, and 350°C, respectively. The
sheet resistance of TiN thin film was decreased when the substrate heating temperature was
increased. The higher sheet resistance of TiN thin film grown at 450°C than at 350°C may dues to
the oxygen incorporation which formed TiO,that agreedto XRD result as shown in Fig. 2. The
insulating property of TiO; is affected to the increasing of sheet resistivity of thin film. So, the
substrate heating temperature of 350°C was optimized for the growth of 50 nm-TiN thin film
prepared by d.c magnetron sputtering method in this experiment.G.A. Battistoner a/.[12] has been
reportedon titanium (Ti) thin films grown in pure nitrogen gas at substrate temperaturebetween
393 and 523 Kand they found that the high substrate temperature yielded to the lower sheet
resistivity of achieved thin films due to the formation of ions of unusual valence Ti(III) and Ti(II)
that are known to influence the resistivity of TiO; films.

3.3 pH sensitivity of TIN-EGFET

TheVpswas set constantly at 300 mV in the pH sensitivity measurement while, the gate-source
voltage (Vgs) was adjusted between from 0 to 1.5 V. The pH sensitivity was calculated by plotting
of the Ips-Vgsmeasurement of TiN-EGFET sensor devices. The pH sensitivity of MOSFET with
TiN gate electrode devices was measured in standard pH buffer solution of 4, 7, and 10,
respectively. The result, asshown in Fig. 3., revealed the shifting of Vgsat Ips = 100 pA (dashed

line)
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Figure. 3 Characteristics of MOSFET (FDV303N) with TilN gate-electrode, the Ips-V s measured
inpH 4, 7 and 10

The pH-sensitivity and the linearity of TiN-EGFET devices with different substrate heating
temperature of RT, 250, 350 and 450°C is 46.46, 51.72, 59.82, 56.70 mV/pH and 0.9965,
0.9998,0.9999 and 0.9999, respectively were shown in Fig. 4. The experimental results show that
the TiN-EGFET pH device fabricated from the nanocrystalTiN as gate electrodegrown with
substrate heating temperature of 350°C determines the highest pH sensitivity. Moreover, the pH
sensitivity of this device has consistent with the electrical property of TiN thin film. The sheet
resistivity measurement has shown that the TiN thin film grown with the substrate heating
temperature of 350°C by D.C. magnetron sputtering has the lowest sheet resistivity so this condition
isoptimized for pH-EGFET structure [9].

1000

T T T T
—a— Room temp
Sensitivity = 46.46 mV/pH
—e—250°C
Sensitivity = 51.72 mV/pH
800 - =—a=—350°C
Sensitivity = 59.82 mV/pH
—y—450°C
Sensitivity = 56.70 mV/pH
(Vg = 300mV, I, = 100 uA)

600

Gale-Source Voltage, V. (mV)

400 T T T T T T T

Figure. 4 The pH-Sensitivity of TIN-EGFET pH sensors at Vps = 300 mV and Ips = 100pA at
substrate heating at RT, 250, 350 and 450°C

Chou et al.[9,10]has been reported to the sensitivities of a ruthenium-doped titanium dioxide
(TiO2:Ru) and a ruthenium nitride (RuN) for sensing membrane of extened-gate FET pH sensors
that these deviceshadthe sensitivity of 55.20 mV/pH and 58.3 mV/pH, respectively. Guerra et
al.[13] reported that the sensitivity of vanadium pentoxide (V,0s) sensing for pH-EGFET sensor
was 58.1 mV/pH. Though, these deviceshad the high pH sensitivity but these sensing membrane
were unstable then the fabricated devices had the poor linearity. Therefore, we can optimize the
growth condition of TiN as stable sensing membrane of pH-EGFET which achieved high pH
sensitivity.
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Summary

We have successfully prepared the nanocryatal-TiN thin film as a sensing membrane of pH-
EGFET devices by d.c. magnetron sputtering system used in the microfabrication line process. The
property characteristics of sputtered thin films and the fabricateddevices have displayed that the
TiN thin film grown at substrate temperature of 350°C has more efficiently forsensing membraneof
pH-EGFET device with highest pH sensitivity of 59.82 mV/pH over than TiO;:Ru, RuN, V,05 and
other thin films sensing membrane with EGFET structure device. The pH stability and the
repeatability of fabricated devices is on our research work.
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A novel molecularly imprinted electrochemical sensor based on ISFET device has been developed for urea detec-
tion sensor. The molecularly imprinted polymers (MIPs) were prepared by photopolymerization on the surface of
ISFET device using PMMA and urea as the functional polymer and molecular template, respectively. The fabricat-
ed sensors were characterized by potentiometry and UV-Vis spectroscopy. The preparation conditions were op-
timized for performance of the sensors, i.e. drop-cast volume and incubation time. The MIP modified ISFET
sensors has linear range response from 1.0 107" to 1.0.x 10~" M with the limit of detection of 1.0 x 10™* M
(S/N = 3). The MIP modified [SFET sensors also exhibit excellent reproducibility, repeatability and stability, as
well as high selectivity to urea.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Urea concentration is considerable indicator in agricultural chemis-
try, food science and environmental monitoring. Moreover, a urea has
great significance in clinical diagnostics, i.e. Blood Urea Nitrogen or
BUN. This is related to the concentration of nitrogen in the human
serum in form of urea and indicator of the kidney function [1]. Typical
urea concentration for urea nitrogen in serum is 15-40 mg/dl (2.5~
7.5 mM) [2]. Urea determination has many methods such as gas chro-
matography, calorimetry and fluorimetric. These methods have disad-
vantages in complicated, expensive and time consuming. Nowadays,
an electrochemical method for urea biosensor has been widely studied
due to simplicity, low cost and high sensitivity [3]. lon-sensitive field ef-
fect transistors (ISFET) is electrochemical biosensor has been interested
in development to wide range application devices such as glucose [4],
triglycerides [5], creatinine [6] galactose and polyphenol [7]. The advan-
tages of ISFET based biosensor are small size, high sensitivity, high level
of activity, low cost and rapid response time [8]. The ISFET was first in-
troduced by Bergveld in 1970 [9]. And then, in 1980 ISFET based enzyme
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Computer Technology Center, National Science and Technology Development Agency,
112 Thailand Science Park, Phahonyothin Rd., Klong 1, Klong Luang, Pathumthani, 12120
Thailand.
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biosensor was described by Caras and Janata [10]. The analytical tech-
nique for urea biosensor based on ISFET is enzymatic hydrolysis of
urea causes pH changes in the system [11]. However enzyme has limita-
tions such as: enzyme activity, enzyme stability and the environment of
using [12].

Recently, molecularly imprinting technique has been developed for
non-enzymatic sensor in electrochemical sensing for organic com-
pounds. The advantages over biological recognition including, stability,
low cost, long lifetime, high sensitivity and widely applied in sensor de-
velopment [13,14]. Preparation of molecularly imprinted polymers
(MIPs), the molecular template and functional polymer are mixed in so-
lutions to form a complex. The polymer-template solution is co-depos-
ited on the surface of an electrode. After that, the molecular template
was removed from the polymer matrix, leaving molecular cavities has
complementary to the template in size, shape, and functional groups
[15]. The response of MIP sensor to target molecules may be similarly
enzymatic mechanisms into two strategies for molecular detection.
One is response higher occurred the chemical reaction between poly-
meric membrane and template molecule, generated a charge or elec-
tron [16]. The other is the template molecules that are embedded into
the molecular cavities which similar to the inhibition of enzymatic ac-
tivities [17,18], obstruction for charge transfer to the surface of the elec-
trode is the cause of the reduction of the response signal [19]. This
approach has been presented for MIP sensor by incubating the sensor
in a sample solution before measuring the response in an electrolyte
[15].
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In this paper, we reported a novel molecularly imprinted sensor
based-on the ISFET device for urea detection. Urea was used as the mol-
ecule template and poly(methyl methacrylate) (PMMA) used as the
functional polymer. The ISFET sensing area was coated by drop-casting
of the PMMA-urea solution and exposed to UV irradiation for
photopolymerization. Urea molecular templates were removed by im-
mersion in DI water. The sensor was characterized by potentiometry
and UV-Vis spectroscopy. The sensitivity, selectivity, repeatability and
reproducibility of the fabricated sensor have been investigated.

2. Experimental
2.1. Chemicals and reagents

All chemicals and reagent were used analytical grade and de-ionized
(DI) water (Resistivity > 18 MQ/cm) was used in all experiments. Urea
and sodium chloride (NaCl) from Sigma-Aldrich, poly(methyl methac-
rylate) (PMMA) from Acros organics, dimethylformamide (DMF) from
Labscan Asia Co., Ltd., Na,HPO,, NaH,PO, from Ajax Finechem Pty.,
Ltd. and pH buffer solution from CARLO ERBA Reagents.

2.2. ISFET device and measurement

The ISFET devices obtained from TMEC (Thai Microelectronic Center
(TMEC), NECTEC, NSTDA, THAILAND). ISFET microdevice has gate area
100 x 2000 pm? and has silicon nitride (SisN4) as sensing membrane.
For the electrochemical measurement, the ISFET and MIP modified
ISFET were used as working electrode, while an Ag/AgCl (3 M of KCI)
was used as reference electrode. The ISFET response characteristic was
determined at gate-source voltage (Vgs) variations by using a constant
drain-source current (Ips = 30 ttA) and constant drain-source voltage
(Vps = 300 mV). The pH sensitivity and calibration curves of ISFET sen-
sor have been measured with standard pH buffer solution. The MIPs
modified electrode was incubated in urea solution for 5 min and im-
mersed in phosphate buffer for electrochemical measurements [15].

2.3. ISFET surface modification

The ISFET surface was cleaned with Ethanol and DI water in ultra-
sonic bath for 5 min in each step. The polymer-urea solution was pre-
pared by dissolve 2.5 wt% of PMMA and 0.4 wt% of urea in 10 ml of
DMF [20] and sonication for 10 min. The ISFET surface area of 6 mm?
was coated by 1 ul of mixture solution and curing with ultraviolet radi-
ation (Stratagene UV Stratalinker 1800) for 15 min. After the polymer-
urea layer on ISFET surface was immersed in DI water for 1 h to remove
the urea template molecules form the polymer layer then the MIP mem-
brane was produced. The template removal characteristic of the MIP
membrane was investigated by UV-Vis spectroscopy [21] (T92 + UV-
VIS spectrophotometer from PG Instruments Ltd.). For non-molecularly
imprinted polymers (NIPs) sensor was fabricated by similar process but
without the addition of urea template molecules.

3. Results and discussion
3.1. Characterization of MIP modified ISFET sensors

3.1.1. Electrochemical measurement

The pH sensitivity of [SFET sensors at different fabrication stages
were tested in pH buffer solutions (4, 7, 10). The sensitivities of different
fabricated ISFET devices were shown as the slope of characteristic
curves displayed in Fig. 1. The PMMA-urea/ISFET sensor has lower sen-
sitivity than Si;N4/ISFET sensor because of the polymer-urea layer ob-
structs the charges that pass through to the electrodes of device
affected to high voltage. After the urea template molecule removal,
the surface of sensor becomes to porous membrane so the MIP/ISFET
sensor exhibits an increased sensitivity. However, the response

1200
—a— PMMA-Urea/ISFET
—e— MIPISFET

—&—$i N ISFET

:

Voltage (mV)
g

pH

Fig. 1. The voltage and pH characteristic of fabricated sensors, PMMA-urea/ISFET (black
line), MIP/ISFET (red line) and SisN./ISFET (blue line) in pH buffer solutions.

voltage level of the MIP/ISFET sensor is higher than the SisN4/ISFET
sensor [15,19].

3.1.2. Characterization of removal template

The UV-Vis absorption spectroscopy was applied to confirm the
template removal characteristic of DI water before and after washing
PMMA-urea coating layer. Fig. 2 shows UV-Vis spectra of DI water and
elution solution. The reference solution i.e. DI water has no absorption
peak between 200 and 900 nm, while the elution after washing coating
layer has the absorption peak of urea could fine at 230 nm. The reason is
due to the urea template molecules have been removed from the poly-
mer matrix.

3.2. Optimization of MIP modified ISFET sensor

3.2.1. Optimization of the volume of the polymer-urea composite solution
The performance of the MIP modified ISFET depends on the thick-
ness of the polymer membrane. This is consistent with the drop-cast
volume of the polymer-urea composite solution. Fig. 3a. shows the volt-
age response of MIP modified ISFET sensor to 1 mM urea. The volume of
PMMA-urea composite solution at 1.0 pl obtains maximum response.
When the volume of PMMA-urea composite solution <1.0 pl, the re-
sponse voltage was decreased because the polymer film maybe cracks
when urea template molecule was removed. If the volume of composite

—— DI water
----- Elution

Absorbance (a.u.)

.
~
~
.

200 300 400 500 600 700 800
Wavelength (nm)

Fig. 2. UV-Vis absorption spectra of DI water and elution solution.
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Fig. 3. Optimization of drop-cast volume {a), and incubation time (b) to voltage response
of MIP modified ISFET in 1 mM urea,

solution >1.0 pl, the urea template molecule cannot completely remove
from polymer matrix caused by the film thickness [15,21].

3.2.2. Effect of the incubation time

Investigation the effect of incubation time to the output response of
the sensor, the MIP modified ISFET sensor was studied in T mM urea so-
lution for 1, 3, 5, 10 and 15 min at room temperature. Fig. 3b shows the
voltage response with the incubation time. When the incubation time is
increased the voltage is increased and saturated after 5 min. Therefore,
the optimal of incubation time is 5 min.

3.3. Determination of aqueous urea samples

The electrochemical responses of the MIP and NIP modified ISFET
sensors have been investigated in urea solution at different concentra-
tions (from 1.0 x 10™* M to 1.0 M) as shown in Fig. 4. The results rep-
resent the obviously highest response of the MIP sensor, while the NIP
sensor has no trend response for all urea concentration ranges. The re-
sponse of the MIP sensor to urea was found to be linearity in the
range of 1.0 x 107% M to 1.0 x 10~" M, with the sensitivity of
18.4 mV per power of urea (R* = 0.992). The detection limit for urea
is1.0x 1074 M (S/N = 3).

34. Selectivity of the MIP modified ISFET sensor

Specific recognition to the urea target molecule has been important
for develop the MIP modified ISFET sensor. In order to check the selec-
tivity of molecularly imprinted sensor, carbamate, glutamic acid, potas-
sium nitrate and sodium chloride were chosen for interference studies,
which molecules of carbamate, glutamic acid and potassium nitrate
have a similar structure to urea, while sodium chloride has interaction
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Fig. 4. Voltage response of MIP (black line) and NIP (red line) modified ISFET sensors in
different urea concentrations (the dotted line is the trend line).

type to urea in the blood sample. Fig. 5 displays the voltage response
of MIP modified ISFET sensor to urea and four substrates at concentra-
tion of 1 mM for all solutions. The result shows that the voltage response
of urea has higher than four other interfering molecules. It can imply
that the molecular cavities from removal template molecule on surface
of fabricated MIP modified ISFET sensor has highly specific to urea
molecules.

3.5, The reproducibility, the repeatability and the stability of the MIP mod-
ified ISFET sensor

The reproducibility of fabricated sensor was determined by using
1. mM urea with five MIP modified ISFET sensors which prepared as
same conditions. The relative standard deviation (RSD) of voltage re-
sponse was calculated to be 3.4%, represented that the MIP modified
ISFET sensors are a good reproducibility [14].

The repeatability of the MIP modified ISFET sensor was defined by
using five same fabricated sensors measured in 1 mM urea for 3 times.
The RSD of 2.5% was observed for a good repeatability [14].

The stability of the MIP. modified ISFET sensor has been investigated
by comparing the voltage response of 1 mM urea for a period of two
months at room temperature. The response of the sensors has retained
95% after two months. The result was indicated that our novel MIP mod-
ified ISFET sensor has excellent long-term storage stability.

Voltage (mV)

dHlnn

Interference

Fig. 5. Voltage response of MIP-Modified ISFET sensor to, urea (a), carbamate (b), glutamic
acid (c), potassium nitrate (d), and sodium chloride (e).
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4. Conclusions

We have demonstrated that the molecularly imprinted technique
was successfully fabricated on the ISFET device. The PMMA was
employed as the polymer matrix sensing membrane. Under optimiza-
tion of the effective parameters, the fabricated sensor exhibited high re-
producibility, repeatability, stability and specificity on recognition
target molecule. The detection limit of fabricated sensor is found to be
as low as the millimolar (mM) level. In addition, our novel MIP modified
ISFET sensor has high linearity for urea detection and molecularly
imprinted technique is very useful for specific molecule sensor.
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