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Fabrication of Molecular Imprinted Polymer based Sensors ABSTRACT
for the Detection of Mono and Disaccharides

ABSTRACT

Diabetes mellitus is a life threatening issue and imparts its major role in death. A close
monitoring of mono and disaccharides show pivotal role for the diagnosis, prevention
and other sugar related diseases. It is of substantial interest to develop cost effective,
easy to use, simple, highly sensitive, specific devices for the real-time and online
monitoring of sugars. Sensors are the promising candidates for identification and
quantification of saccharides. Electrochemical sensors are assumed as excellent
analytical devices for easy, quick and inexpensive saccharide detection. Among these
different types of sensors, non-enzymatic electrochemical sensors are of substantial
importance because of their simple instrumentation, easy operation based on which
high selectivity and good sensitivity can be achieved for sugars detection.

In second chapter, molecularly imprinted polymer based sensors were designed for the
glucose detection. Different polymer systems were used to achieve optimised
sensitivity and selectivity response. (1) Vinyl pyrolidone system was used and LoD was
~136 ppb and its highest detection limit was ~500 ppm. (2) Polyacrylate based receptors
were synthesized and LoD was ~115 ppb with maximum limit of detection was ~500
ppm. (3) Polyurethane based receptors were developed for glucose detection and
measured LoD was ~71 ppb and its range of detection was ~71 ppb to 500 ppm. (4)
Polystyrene based receptors were used and measured LoD was ~15 ppb and ~590 ppm
was its upper detection limit. The polystyrene based MIPs were merged with GO to
synthesize GO-MIPs nanocomposite to enhance the sensitivity and selectivity of
fabricated sensors. The measured lower limit of detection of GO-MIP composite based
sensor was ~ 6 ppb and detection range was ~ 6 ppb to 600 ppm.

In third chapter of this thesis, initally MIPs based sensors were developed for the
estimation of p-fructose. (1) Polyvinyl pyrolidone receptors were prepared and their
lower limit of detection was ~300 ppb having upper limit of ~500 ppm. (2)
Polyurethane based receptors were developed with LoD of ~107 ppb with highest
detection limit of ~520 ppm. (3) Styrene based receptors were synthesized and
measured LoD was ~96 ppb and its detection range was ~96 ppb to 500 ppm. (4)
Acrylate based receptors were synthesized and its LoD was ~ 60 ppb having maximum

detection limit of ~525 ppm. Furthermore, fructose imprinted polyacrylate in
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combination with GO were used as receptors to achieved enhanced sensitivity and
selectivity and fabricated sensor bears LoD of ~46 ppb towards fructose and highest
detection range from ~46 ppb to 600 ppm .

In fourth chapter, MIPs based receptors were synthesized for the detection of
diaccharide i.e. B-maltose. (1) Styrene based receptors were developed and its
sensitivity range was 150 ppb to 507 ppm with lower limit of detection of ~150 ppb.
(2) Polyurethane based B-maltose imprinted receptors were prepared and measured
LoD was ~115 ppb with its detection range of ~115 ppb to 525 ppm. (3) Polyvinyl
pyrolidone based receptors were synthesized and LoD of ~68 ppb was measured by
signal to noise ratio (S/N = 3) with range of detection of 68 ppb to 529 ppm. (4)
Polyacrylate based maltose imprinted receptors were synthesized and LoD of ~39 ppb
was found with sensitivity range of 39 ppb to 530 ppm. To enhance the sensor response,
nanocomposite was prepared by using functionalized graphene and its LoD was
enhanced upto ~16 ppb with estimation range ~ 16 ppb to 600 ppm. At the end of this
chapter, we can conclude that 40:60 ratio between monomer to cross-linker,
polyacrylate based imprinted receptors were fond the most appropriate for maltose
detection.

In fifth chapter of my thesis, molecularly imprinted polymer based receptors were
synthesized for the estimation of a-sucrose. (1) Polystyrene based imprinted receptors
were prepared firstly, limit of detection of ~83 ppb was calculated with its detection
range of 83 ppb to 520 ppm. (2) Polyvinyl pyrolidone based sensor was developed and
an LoD of ~68 ppb with its detection range of ~68 ppb to 525 ppm towards sucrose. (3)
~39 ppb of LoD was found towards sucrose with its wide detection range of 39 ppb to
520 ppm by polyacrylate based sucrose imprinted receptors. At the end of this chapter,
(4) polyurethane receptors were synthesized for sucrose detection and its lowest limit
of detection ~31 ppb with its detection range ~31 ppb to 528 ppm for sucrose.
Functionalized graphene and MIPs based nanocomposite was prepared to improve the
lowest limit of detection. The LoD of ~16 ppb and maximum LoD of ~600 ppm was
presented by GO-MIP-PU showed that nano-composite based sensors enhance the
sensor characteristics due to the excellent properties of graphene oxide. From this

chapter, we can conclude that 45:55 ratio of monomer to cross-linker, polyurethane

XXi
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based imprinted sensors were found highly sensitive, selective and reproducible for

sucrose detection.
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Chapter 1 Introduction

1.1 Introduction

Carbohydrates, the building blocks and nutritive elements are termed as
monosaccharide and their polymers such as oligosaccharides and polysaccharides, the
most abundant organic stuff present on earth (Réckendorf and Lindhorst 2004, Bennett
and Forster 2009, Berg et al. 2015, Wang and Lee 2015). Carbohydrates are digested
by humans to simpler forms of sugars such as glucose, a monosaccharide which is the
primary carbohydrate energy source used by the body (Fareed et al. 2017).

Monosaccharides, the most important and basic unit of carbohydrates and serve as
energy fuel and for life, it is considered as basic component e.g. 5-carbon, saccharides
play an important role of information carrier, in DNA is deoxyribose and in RNA as
ribose sugars, furthermore, the six carbon sugar mostly termed as D-glucose either
blood sugar or grapes sugar, D-fructose is known as fruit sugar; and D-galactose, which
is present in milk in combination with glucose (Zhu et al. 2017, Qian et al. 2018).
Monosaccharides, the mostly are naturally present having same configuration at five-
carbon termed as D-glyceraldehyde. The linear and cyclic forms of glucose are present

in equilibrium in aqueous solutions (figure.1.1).

| no

HO
OH
HO OH o
OH
e HO
OH OH
OH

Figure 1.1: Linear and cyclic forms of Glucose

D-glucose is of substantial importance in metabolic homeostasis in humans, it serves
as energy source for human beings and helps in the proper functioning of when used or
in the formation of vital carbohydrates through biosynthesis. Glucose may change and
help to produce energy when it is consumed by human body (Wang et al. 2018).
Disaccharides are the simplest and biologically essential oligosaccharides. Maitose,
sucrose and lactose are the naturally occurring abundant sugars. Maltose, which is
present in the form of malt, Lactose, a sugar naturally found in mammalian milk, is a

combination of glucose and galactose. Sucrose, also named as table sugar, mixture of
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fructose and glucose (figure 1.2). Oligosaccharides and their derivatives are of highly

significant in pharmaceutical industry (Liu et al. 2018). For example, streptomycin is

the oligosaccharide, have chemotherapeutic effect extracted in 1943, also used for the

cure of tuberculosis. an antidiabetic “Acarbose” used for the treatment of type II

diabetes mellitus. Cyclodextrin as cyclic oligosaccharide is produced by starch

hydrolysis (Poonthiyil et al. 2018).
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Figure 1.2: Common oligosaccharides and their analogues

Hyperglycemia or hypoglycemia depends on the amount of glucose present in blood
(Ciuk et al. 2018). When glucose level is lower than normal in blood is hypoglycemia
(Al-Zubaidi et al. 2018, Chattopadhyay, George et al. 2018). Normal person has
glucose in their blood in the range of 80-100 mg/dL. Low blood sugar levels have the
following symptoms such as confusion, nervousness, feebleness, starvation, dizziness,
difficulty speaking and shakiness. Higher blood glucose level than normal is termed as
hyperglycaemia. Hyperglycaemia causes frequent urination, elevated glucose thirst

level (Bangen et al. 2018, Tatulashvili et al. 2018).
1.2 Saccharides detection

Due to the mentioned reasons, carbohydrates detection is very essential for human
beings. For the determination of glucose concentration, various detection methods such
as HPLC (Choi et al. 2016), polarimetry (Cote et al. 2018, Liu et al. 2018), Raman
spectroscopy (Fraden et al. 2016, Chen et al. 2018), laser photoacoustic spectroscopy
(Tanaka et al. 2018), near infrared spectroscopy (Ren et al. 2018, Tajima et al. 2018),
optical coherence tomography (Chen et al. 2018, Chen et al. 2018) and electrochemistry
(Long and Phong 2018, Sun et al. 2018) have been used. These above mentioned
methods, electrochemical methods have been applied for the detection of saccharides

because of their excellent selectivity, good sensitivity, reliability, reproducibility and
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easy handling, easy maintenance as well as low cost (Kim et al. 2018, Li et al. 2018).
Detection of saccharides is an important analytical task. It has been studied from
literature that 40 % of blood tests are related to it. Furthermore, glucose determination
is important in many other respects such as in biotechnology, in the food and feed
processing and in biochemistry etc. The continuous blood glucose monitoring is a basic
need due to the fact that about 4-5 % of population suffer from diabetes mellitus (Ho,
Rumsfeld et al. 2006, Silveira, Pokhvisneva et al. 2018). Marvelous efforts have been
made over the last few decades to detect sugars in real samples, including
chromatography (Huang et al. 2018), colorimetry (Jia et al. 2017, Tanaka et al. 2017),
spectrophotometric assay (Alijanpour, Akhoondi et al. 2017),
electrochemiluminescence (Sojic et al. 2017) and electrochemical detection (Liu et al.
2018, Meng et al. 2018, Shan et al. 2018, Zhu et al. 2018). Amongst these methods,
electrochemical biosensors got famous because of simple operation, elevated
sensitivity, very low limit of detection, and low cost (Babu et al. 2018, Shan et al. 2018,
Xie et al. 2018).

1.3 Chemical sensors

Due to the pivotal role of saccharides in physiological processes, sugar detection is of
substantial importance in food products, biological and clinical processes (Chaiyo et al.
2018, Lin et al. 2018, Shan et al. 2018). Diabetes mellitus is one of the largest health
problem to worldwide. It is studied that number of diabetes patients may be double to
300million by 2025 (Wu et al. 2018, Zhang et al. 2018). It can be concluded from these
studies that there is an ever-growing demand synthesize a sensitive, selective, reliable
and low-cost glucose sensors to determine the glucose level on regular basis (Zhang et
al. 2018).

Sensors have many advantages over classical instruments because they are very cheap,
small in size, simple to operate, and can be fabricated easily. Due to their
miniaturization, several different sensors can be fabricated on one device to make a
multi sensor array and can be used for remote measurements of different analytes unlike
the classical instruments. Due to these characteristics, sensors can be used for online
monitoring of some specific analytes and appropriate for all types of applications

(Huang et al. 2018, Ling et al. 2018). Chemical and bio-sensors are of substantial
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importance and getting famous in the arena of modern analytical chemistry. Increased
interest and demands are essentially due to particularly in diagnostics, environmental
investigation, food analysis and for monitoring purpose and detection of chemical
warfare agents (Haupt and Mosbach 2000, Alexander et al. 2017).

The first decade of the 21st century was celebrated as “Sensor decade”. A sensor is a
small sized device which transforms a physical change into an analytically useful
electrical signals. Sensor actually considered as a part of interface between the world
of analytical electrical devices like computers and physical world (Pluhar et al. 2013).
In this modern era, sensors have gotten substantial importance in research world
because it is significant in electronic devices and enormous capability for information
processing have been synthesized within the electronics. Various saccharide
measurements have motivated the development of miniaturized devices for the online
and real time detection (Lee et al. 2019). A chemical sensor changes chemical
information of the concentration of a particular sample part and total composition
analysis, into analytically useful electrical signals as shown in figure 1.3. The chemical
information generated due to the chemical reaction of an analyte (template) and also
from physical property of any system investigated. Chemical sensing is a process of
getting information about the concentration of a specified analyte or the composition of
target analyte in real time (Lakshmi et al. 2009). So a chemical sensor is used to
recognize and measure the specific analyte in the mixture more precisely and an ideal

chemical sensor should be selective and sensitive.
A chemical sensor is composed of three major parts,

e Sensitive layer
e Transducer

o Electronics and data storage system

1.3.1 Recognition layer (Receptors)

The recognition layer is a chemically synthesized layer containing either a polymer or
an antibody (natural or synthetic) that is used to selectively monitor the chemical
constituents within the environment of the sensor. When this recognition layer is

exposed to the analyte of interest, it interacts with it. Upon this interaction, change in
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the physical properties of the sensitive layer (Bennett and Forster 2009) i.e. mass,
optical absorbance, reflectance, polarity, impedance, voltage, fluorescence behavior

and these changes are detected by the transducer system.

: ( \
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Receptors Geseraton (Recogaition ______/
Element) Transducer

Figure 1.3: General layout of a chemical sensor

Different chemicals and their combinations are frequently used for sensing purpose so
sensors can be developed by using any type of chemical. Three major types of

recognition layer are as follow:

i.  lon selective layer is based on measuring any change in the concentration of ions
such as ion exchange polymers and ion selective IDEs.

ii. Molecular recognition based sensitive layers which follows the host-guest
chemistry, spectroscopic methods, molecular size interactions and most
commonly molecular imprinting etc.

ili.  Bio-recognition layer i.e. biologically sensitive species e.g. enzymes, nucleic
acids, antibodies, proteins which interact with biological molecules to generate

biosensors.

1.3.2 Transducers (Electrochemical)

A transducer is an electronic device that transforms energy from one type to another
(Xing et al. 2017). Different types of transducers are in practice for the fabrication of
molecularly imprinted polymer based sensors such as optical, electrochemical, thermal
and mass sensitive transducers. In optical sensors, spectroscopic methods are mostly
used for analysis. Absorption, fluorescence and scattering are the techniques used in
optical transducers. Electrochemical sensors are further divided into three types (Silva
etal. 2017).
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(a) Potentiometric transducers measure the change in ¢lectrical potential,

(b) Voltammetric and Amperometric transducers which apply some potential and

measure the current produced.

{c) Conductometric transducers which depend on measuring the change in the

conductance with changing in the composition of the analyte.

Figure 1.4: 1DE used as transducer for the electrochemical measurements of sensitive layer. The
desired structure of [DE (gold) was fabricated via screen printing on the glass substrate. Transducer has
9 fingers with equal gaps and width (300%*300),

Thermal transducers are the devices which convert the chemical changes into heat to
some detectable electrical quantity such as resistance, capacitance and inductance.
Thermistors, pellistors and other thermal detectors are frequently used. Mass sensitive
transducers are based on piezoelectric effect i.e. the change in the frequency of
oscillating crystal with the change of mass loaded onto it. Most common examples of
mass sensitive transducers are surface acoustic wave devices (SAW) and quartz crystal

microbalances (QCM). In this work, electrochemical transducers have been used.

1.3.3 Electronics and data storage systems

The electronics and softwares are required to convert the signal produced by the
transducer into a readable form, so that the data obtained can be analyzed further. These
are specifically designed or selected for that particular application. But in most of the
cases, it is an electronic circuit used to amplify the signals produced and suitable

software to change it into a presentable form.
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1.4 Molecular imprinting technology

Molecular imprinting technique is a process in which monomers and cross-linkers in
the presence of template (imprinted) molecule are polymerized together. Initially
template molecule and functional monomer forms a complex after which
polymerization take place (Cecchini, et al. 2017). After polymerization highly cross-
linked polymer is formed which held their functional groups in position. Template
removal from polymer leaving behind empty spaces which is similar in shape and size
to the template molecule. Thus molecular memory with very high specificity is
introduced in to the highly crossed-linked polymer. Now this polymer has the ability to
bind with target molecule (Malik et al. 2018). The synthesized MIP may be polymeric
or oligomeric or 2D surface assemblies. MIPs have a wide range of advantages with
comparison to natural biomolecules (table 1.2). This technology has many promising
features and many benefits including easy synthesis, similar structure based recognition
cavities, a highly stabilized and mechanical backbone of polymer matrix and large
number of applications to different molecules, metalloids and metal ions (Gui et al.
2018). The technique of molecular imprinting has different advantages such as it is used

in purification, isolation, chiral separation, catalysis and in biosensor.
Three important features of the MIPs are:

I Their selectivity and optimum affinity, is analogous to the natural receptors
(Bossi et al. 2007).
II.  Their exceptional stability, which is higher than that of natural biomolecules
(Chen et al. 2020).
III.  Their simplest preparation and easy to use to different applications (Saylan et al.
2019).

Molecular imprinting technology has a wide range of applications such as small
molecules such as drugs and large ones as proteins and cells have been imprinted
successfully. The best imprinted results were obtained with biological molecules
having molecular weight in the range of 200 to 1200Da. The resultant molecular
imprinted polymers are low price, robust, with high affinity and selectivity that is proper

for their industrial applications (Gui et al. 2018). The increased speficity and stability
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of MIPs made them favorable substituents to anti-bodies, enzymes and natural

receptors for its use in sensors applications (Cecchini, et al. 2017).

Table 1.1: Comparison of molecular imprinted polymers and natural molecules used for the synthesis of

SENSOTS.

Molecular Imprinted Polymers (MIPs)

Natural biomolecules

Imprinted polymers are more stable at low

pressure, pH and temperature i.e. <180°C.

Less stable.

Easy to prepare, easy to handle, and

inexpensive.

Enzymes and receptors are higher in

price.

Imprinted polymers can work efficiently in

organic solvents.

Natural biomolecules show
commonly poor performance on non-

aqueous medium.

Due to easy operation and easy handling,
MIP based sensors are relatively easy to

synthesize.

Various natural molecules have
different working conditions such as,
ionic strength, temperature, pH and

substrate etc.

Generally, MIPs of any chemical compound

could be synthesized.

Enzymes and natural biomolecules
may be used for limited number of

analytes.

Imprinted polymers are highly compatible

with micromachining technology.

Enzymes and natural receptors have
poor compatibility with
micromachining technology and

miniaturization.

Molecular imprinting is of two main types i.e.

1.4.1 Bulk imprinting

bulk imprinting and surface imprinting.

The technique of bulk imprinting is successful for low molecular weight compounds.

For imprinting of macromolecule, MIPs are the simplest method. For the whole protein

3D binding sites are formed in this method (Kryscio and Peppas 2012). The target

molecule is wholly imprinted in the molecular imprinted polymer and it must be
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removed wholly from the polymer matrix after polymerization. The next step is the
formation of small particles from the bulk polymers. The polymer is mechanically
crushed to form small particles. In this way molecular imprinted polymer is formed
having 3D interaction sites specific to the template molecule. Usually bulk imprinting
is chosen to imprint small molecules. The advantage of this method is that the imprint
molecules are easily adsorbed and release and this process is reversible and faster due
to which imprinted support can be utilized for several rounds of analyses (Ertiirk and

Mattiasson 2017).

Figure 1.5: Schematic presentation of bulk imprinting

Bulk imprinting is used for various organic compounds such as volatile organic
compounds, polycyclic aromatic compounds, environmental contaminants,
pharmaceutically active compounds etc. The desired template is added to functional
monomer during polymerization (Zamora-Galvez et al. 2017). A schematic protocol for
bulk imprinting is shown in Figure 1.4. Due to molecular imprinting, binding sites are
generated not only the surface of synthesized receptors, but also distributed over the
whole bulk of the polymer matrix, hence, it is termed as “bulk imprinting.”
Consequently, the newly developed recognition layer holds large number of cavities,
most of them may be assessable by diffusion onto the polymer matrix. The presence of
interaction sites may help to increase the sensor signals, e.g. small template molecules

confirms the sensitivity (Pan et al. 2018).
1.4.2 Surface imprinting

In surface imprinting, surface of the solid substrate is required for the imprinting of

MIP. In this technique, obtained MIPs have abundant cavities and sites.
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Figure 1.6 : Schematic presentation of surface imprinting.

In this technique binding sites are present only at the surface instead of whole matrix.
Surface imprinting is used for macromolecule (Devkota et al. 2017). The main
drawback of this method is the reduced number of the binding sites, as binding sites are
present only at the surface. Surface imprinting methodology is mostly used for large
template including microorganisms, proteins and cells, which is the major drawback of

this method (Frasco, Truta et al. 2017).

1.5 Basic feature of molecularly imprinted polymers (MIPs)

1.5.1 Covalent approach

Covalent imprinting was the first approach for realizing the affinity of molecule in
organic polymer networks. In this imprint technique, template is covalently bonded
with polymerizable groups in bond formation and the process of rebinding (Speltini et
al. 2017). After polymerization the target molecule is removed from matrix and binding
sites are left which are identical in shape to the target molecule, having the ability to
rebind with target molecule in future covalently. The benefit of this method is
functional groups are related to the template molecule (Chen et al. 2016). However,
there are some short-comings such as diols, aldehydes, amines, carboxylic acids,

ketones led to the synthesis for other imprinting methodologies (Viveiros et al. 2018).
1.5.2 Non-covalent approach

Non covalent approach, is now most commonly used methodology to create
molecularly imprinted binding sites. This method is based on non-covalent interaction
of functional monomer with template molecule before polymerization, free radical
polymerization with a cross-linking monomer and then subsequent removal of
template. The non-covalent interactions are hydrogen bonging, Vander Waals forces,

and m-m interactions. In this method, rebinding of template is also achieved using non-

Fabrication of Molecular Imprinted Polymer based Sensors for the Detection of Mono and Disaccharides

12



Chapter 1 | Introduction

covalent interaction. This method has very simple and cheap method of MIP
preparation sites (Meier et al. 2012). The success of this method depend on the
stabilization of non-covalent interaction between monomer and analyte, which results
the binding of functional groups of monomer into the cavities generated by the
template. The imprinted materials can be prepared within a reasonable time in any well-
equipped laboratory. Some of the non-covalently bonded MIPs show high selectivity
and binding affinities (Sellergren 2001) such as methyl methacrylic acid is the best

monomer which binds with template via hydrogen bond.
1.5.3 Semi-covalent imprinting

Semi-covalent approach is a combination of both covalent and non-covalent approach.
This method uses covalent interaction by using a template with polymerizable groups
and non-covalent interaction during the process of rebinding. The advantage of this
method is that the binding sites have narrower distribution and other Kkinetics
restrictions do not exist (Viveiros et al. 2018). This technique was used to eliminate the
shortcomings of non-covalent interactions (Whitcombe et al. 2014). This technique
comprises the covalent bonding template and monomer and later, the removal of analyte
molecule by a process termed as hydrolysis. At the end, the imprinted cavities by
template molecule are ready for their interaction with analyte through non-covalent

interactions.

The following advantages of semi-covalent approach are
I. Al the monomers with specific functional groups interact with the specific
analyte.
II.  Stoichiometric ratios of both monomer and template molecule are used,

III.  Analyte rebinding is simplistic with binding cavities.

However, semi-covalent approach has some limitations because of limited number of
suitable monomers availability. For the synthesis of any MIP, a monomer, cross-linker,
a template molecule, a free radical initiator and an appropriated solvent as porogen are

the basic components required for molecular imprinting.
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1.6 Chemicals required for MIPs

1.6.1 Template

Template and functional monomer are backbone of the molecularly imprinting process.
The interaction between monomer and template determines the success of any MIPs.
Ideally strong interactions enhance the recognition mechanism of synthetic receptors
(Yang et al. 2018). Appropriately selected species as a template can produce maximum
recognition sites (Figueiredo et al. 2016). Analyte and functional monomer must have
non covalent approach. For the selection of template, stability, capability of hydrogen
bonding establishment and absence of polymerized groups prevent the newly
synthesized free radicals (Chen et al. 2016). In this proposed research work, the

template molecules will be the mono and disaccharides.

1.6.2 Functional monomer

Functional monomer imparts vital role in cavities generation for the analyte of interest
(Tacob et al. 2018). The interactions between monomer and template may be covalent
or noncovalent. Most commonly used monomer are meth-acrylic acid (MAA), acrylic
acid (AA), 2- or 4-vinyl pyridine, sulphonic acids, carboxylic acids (acrylic acid,
methacrylic acid, vinyl benzoic acid), hetero-aromatic bases (vinyl pyridine, vinyl
imidazole). Methacrylic acid, most frequently used due to covalent and noncovalent
interaction with template (He et al. 2018). Monomer to template ratio is significant
because analyte decides the exact number of monomer molecule to be attached. The
functionality of template and monomer molecule matching is important to increase the

complex formation and the imprinting effect (Liang et al. 2018).
1.6.3 Cross-linker

The amount and nature of cross-linker used for the synthesis of molecular imprinted
polymer impart a vital role to enhance the selectivity of a sensor. The responsibility of
cross-linker is to maintain structure of polymer matrix (gel-type, macrosporous or a
microgel powder), stabilization of active sites and enhance the strength to the polymer
imprinting binding sites (Vasapollo et al. 2011). Ethylene glycol dimethacrylate
(EGDMA), trimethylo propane trimethacrylate (TRIM) and divinely benzene (DVB)
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are most commonly used cross-linkers in MIPs. For PCPs analysis, EGDMA is a
frequently used cross-linker. For triclosan analysis, DVB and TRIM have been used to
prepare imprinted nano beads. For polymerization process, high cross-linker to
functional monomer ratio is preferred for the material with suitable mechanical strength
and access permanently porous materials to maintain the stability of recognition sites.
After the removal of template, it is the responsibility of high cross-linker to maintain
three dimensional structure (chemical functionality and shape to that of template
cavities). Polymers with cross-link ratios in excess of 80 % will be often used (Liang et
al. 2018).

1.6.4 Porogenic solvents

Porogenic solvents have significant role for porous structure of MIPs. Strength of non-
covalent interactions is determined by the nature and amount of solvents. It also helps
to influence the morphology of polymer, which is directly related to the efficiency of

MIPs. Following points are important to consider during the selection of solvent,

e Firstly, all the polymer ingredients such as template, free radical initiator,
functional monomer and cross-linker should be soluble in the selected
porogenic solve.

e Secondly, porogenic solvents must have the ability to develop pores into the
resulting polymer.

e Thirdly, porogenic solvents must be of lower polarity results in lower

interference at complex formation stage.
1.6.5 Initiators

Different chemicals having different physical and chemical properties can perform as
free radical initiator. Usually, initiators are required in relatively small quantity as
compare to the concentration of functional monomer. The decomposition rate of
initiator can be controlled and triggered by different methods such as heat, light and
electrochemical and chemical ways, based on its chemical nature. Most commonly
used initiator is azobisisobutyronitrile (AIBN). AIBN as free radical initiator can be

suitably degraded by sunlight (UV) or thermolysis (heat) to produce stabilized, carbon
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centered radicals having ability to start the growth of a number of vinyl monomers

(Phan et al. 2014).
1.6.6 Polymerization conditions

Molecular imprinted polymers (MIPs) of higher selectivity are made at low temperature
as compared to polymerization at increased temperature. Usually 60 °C is referred to as
an appropriate polymerization temperature. Elevated temperature imparts negative
effect on the stability of MIPs which leaves bad impact on the reproducibility of
monolithic stationary phases and produced high column pressure drops. Therefore,
comparatively low temperature for a long reaction time will be selected to provide a

reproducible polymerization.

1.6.7 Immobilization of MIPs onto transducer surfaces

MIP-based chemical sensors will be constructed by immobilizing MIPs onto the
transducer surface. MIP-based recognition elements will be prepared on transducer
platform either as thin films or layers by deposition or grafting. The film or layer coated
onto the transducer is important for useful response of a sensor.

In-situ polymerization is an excellent immobilization process and comprises of in-situ
electro synthesis of molecular imprinted polymer (MIPs) onto the transducing surface.
In-situ polymerization has the substantial benefit of integrating the immobilization step
into an automatic mass-production process and technique will be applied to appropriate
template molecules.

Immobilization by surface coating is another important method of coating and
immobilizing molecular imprinting polymer (MIPs) onto the selected transducer
(QCM, IDEs) surface. Spin and spray coating will help in the synthesis of thin film of
MIPs (if prepared in a suitable dissolved solvent). MIPs deposition can be performed
manually at different times to prepare sensors.

Another important method is entrapment of MIP particles into gels or membranes will
also be used for electrochemical or mass sensitive transducers for immobilization.

Then these polymerized material will be deposited onto the surface of transducer.
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1.7 Properties of chemical sensors

1.7.1 Limit of detection (LoD)

LoD helps to enhance the number of imprinted binding sites. In electrochemical
sensors, we should prefer the most sensitive transduction type. In all cases, the LoD is

a combined form of transduction type and basic feature related to the binding sites.

1.7.2 Selectivity

Selectivity is an important parameter for the development of a sensor. For selectivity
analysis, different interferents with same structure, functional group and geometry were
selected and then sensor response can be measured by their electrochemical behavior
(Dai et al. 2014). By changing the composition of binding medium and measurement
medium, detection of any template molecule can be optimized in case of voltammetry
detection (Yang et al. 2018). Electrochemical transduction also uses the similar medium
for the detection and binding. Interfering species related on the basis of structure can

be detected by electrochemical potential (Lian et al. 2012).
1.7.3 Reproducibility and reversibility

Preferably, molecularly imprinted polymer based sensors should be reversible with
irregular washing and binding cycles to recover the identification properties.
Sometimes, full extraction of template requires large washing time i.e. 12 hours
(Whitcombe et al. 2011). Furthermore, partial removal of template is not a serious
problem because molecular imprinted polymer based sensors can be fused into device
that use an in-expensive and fresh inexpensive component every time (Dai et al. 2014,
Yang et al. 2018). Electro-polymerization is an important source for the development

of reproducible and easily prepared sensors.

1.7.4 Response time and long-term stability

Generally, response time of molecular imprinted polymer based sensors have been
longer than thin films. The smallest response time was obtained from grafting
polymerization (Fernandez-Cori et al. 2015, Kajisa, Li et al. 2018). Sensors developed

by using acrylic or vinyl as monomers have reported that MIPs have excellent stability
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during prolonged storage (more than six months in many cases), as expected for a

highly cross-linked polymer.
1.8 Problem statement

The determination of mono and disaccharides is very important for scientific research
purposes, like food industries, pharmaceutics and clinical chemistry. Diabetes mellitus
is chronic disease and worldwide health issue. It is abnormal metabolic condition due
to insulin deficiency, elevated level of glucose i.e. hyperglycemia and is result of
increased or decreased glucose level than the normal range 80-120 mg/dL (4.4-6.6
mM). Increased concentration of glucose is the major reason for death and disability in
the world. Problems of attacking diabetes are important to consider, including increased
threats of heart diseases, severe renal issues and blindness. These complications can be
significantly decreased by controlled release of blood glucose. The measurement of
glucose and supervision of diabetes mellitus thus needs a regular checking of blood
glucose concentration. Credible determinations have been done over the last few years
to test glucose in blood samples through Chromatography, Calorimetry,
Spectrophotometric assay, Electrochemiluminescence and Electrochemical detection.
Many conventional methods for glucose measurement work based on electrochemical
or calorimetric analysis. Commonly used glucose detection methods are glucometer,
performed by using a little sample of blood which is taken by pricking the finger of a
patient, following the introduction of blood to a disposable glucometer strip through
capillary action. These techniques require off-site analysis grab samples, costly and
time-consuming. Due to these reasons, innovative methods that should be selective and
effective for the determination of different sugars are needed on urgent basis. For the
monitoring of glucose, electrochemical instruments have been used for many decades
(pH, dissolved oxygen, conductivity). Molecularly imprinted polymers (MIPs) based
chemical sensors are compact robust devices with increased sensitivity and selectivity
towards analyte of interest. These help in large number of clinical applications. The
chemical sensors are highly sensitive and selective for specific saccharide in the
presence of other saccharides such as oligosaccharides and polysaccharides with almost

identical molecular masses, atomic radii, functional groups and oxidation states. These
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unique properties of chemical sensors make them as promising tools for the online and

real-time monitoring of mono and disaccharides.

1.9 Aim and objectives
Aim
Fabrication of molecular imprinted polymer based sensors for the detection of mono

and disaccharides.
Objectives

I.  To screen out suitable polymer system for the molecular imprinting of
monosaccharides and disaccharides.
[I.  To analyze optimization of molecular imprinted polymer (MIPs).
[II.  To study characterization of MIPs (spectroscopic, microscopic etc.).
IV.  To immobilize receptors onto transducer surface.
V.  To enhance the selectivity and sensitivity of the different saccharides by
generating NPs of MIPs and their composites with functionalized graphene.

VI.  To achieve real time and online analysis of sugars with fabricated sensors.

1.10 Scope and significance of the study

Molecular imprinting technology has the potential in the selective removal, extraction
of a wide range of small to large species (molecules, ion, metal ions and metalloids).
The MIPs technique has numerous features and advantages i.e. pre-designed
recognition, high thermal and mechanical stability, robust, reproducible, easy to
operate, regeneratable and miniature size devices, excellently sensitive and selective in
their response. Therefore, MIPs are getting substantial attention to detection purposes.
The applications of MIPs are increasing and extending into different research fields
such as enzyme catalysis, solid phase, chromatographic sciences, bio/chemo sensors

and computational modeling of imprinted polymers.
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1.11 Literature review

Advanced techniques that are both productive and selective for the detection of sugars
are of substantial interest for analytical chemists and scientists. More recently,
molecularly imprinted polymers (MIPs) are gaining widespread attention due to their
notable sensitivity and selectivity based recognition property (Li et al. 2011). MIPs are
synthetic polymers that generate sieves or cavities on the surface of polymer matrix
having affinity to target molecules. The template molecule binds with the monomer
through covalent or noncovalent bonding and then adding the cross-linking agent, a
complex is formed around functional monomers through co-polymerization (Vasapollo
et al. 2011). Removal of the imprint template leaves specific cavities whose size, shape,
and functional groups are matching to the template molecule (Auriol et al. 2011). The
history of molecular imprinting technology seems to be a bit complicated. The first
appearance of molecularly imprinted technique (MIT) reportedly found in literature

during early 1930s.

MIPs can be used for a wide range of analytes. Dickert and Lieberzeit for the first time
introduced surface imprinting techniques in combination with mass-sensitive devices
for recognizing (viruses, enzymes and cells), coating the sensor surface with
polyurethane layers using sol-gel technologies (Alexander et al. 2006; Baghayeri et al.
2016). Evidently, the application of piezoelectric sensors using MIPs as recognition
interface provides sufficient mass change for the effective detection of large molecules
and entire organisms. Recently, the combination of QCM and MIPs has been applied
in selective sensing of analyte of interest. Using gravimetric piezoelectric sensors with
recognition layers based on MIPs for the detection of small molecules (i.e., molecular
weight < 600 Da) results in an increase of the analytical signal in liquid during binding
events, which is affected by the density, viscosity and three dimensional (3D) structure
of the surface layer (Ye & Mosbach, 2008). Analytical methods that enable continuous
monitoring of blood glucose have thus been sought. Continuous glucose monitoring
(CGM) provides real-time information on trends whether the glucose levels are
increasing or decreasing, magnitude, duration, and frequency of glucose fluctuations

during the day. Ideally, analytically functional continuous glucose monitoring devices
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could be linked to an insulin delivery pump, creating an artificial pancreas
(Ramanavicius et al. 2013).

Typical probes for oxygen include luminescent complexes of ruthenium, platinum or
palladium which are strongly quenched by oxygen. The probes usually are immobilized
in a sensor layer with a thickness of typically 2 mm, and the enzyme is immobilized in-
or on-such a sensor layer. Alternatively, and in particular context with intracellular
sensing, the components have been immobilized on nanoparticles. The numerous
sensors described in the literature differ from each other mainly in the kind of
fluorescent probe, the type of polymer matrix, and the way of immobilizing the enzyme
(Satoshi et al. 2013; Chung & Hur, 2016; Dhara et al. 2016). Various kinds of polymers
have been used including hydrogels, chitosan, proteins from silk worm, egg shell
membranes, various kinds of sol-gels, but also hydrophobic polymers such as
polystyrene where the enzyme has to be immobilized on its surface. Numerous
technical layouts have been reported for such sensors. Many are of the planar sensor
layer type. These can be placed, for example, in a microwell or a microfluidic flow cell.
Others are based on the use of optical fibres with the sensor material fixed at its tip
(Singh et al. 2011).

Till today, a number of effective techniques have been developed to measure glucose,
and among these, the electrochemical method has attracted much attention due to the
high sensitivity of the resulting devices, ease of operation, and low cost (Mustafa et al.
2012). The glucose detection is performed by two methods i.e. one involving glucose
oxidase and other method is enzyme free. The conventional glucose biosensors are
fabricated by using glucose oxidase which favours the selective oxidation of glucose in
the presence of O to produce hydrogen. The biological activity of enzyme sensors is
susceptible to inactivation for the change of temperature and pH values. However, the
development of the enzymatic biosensor systems faces two major challenges:
insufficient loading of immobilized enzyme and poor bio-stability due to the nature of
enzymes. Enzymes exposed to the thermal (relatively high temperature above 40 °C)
or chemical (e.g. strongly basic or acid environment) during fabrication, storage, and
use procedures could denature and lose their bioactivity. Therefore, non-enzymatic
glucose sensors have received keen interest and have been developed rapidly due to the

advantages of the thermal and chemical stability. For instance, noble metals and noble
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metal based materials, such as Pt, Pd, Au and their metal alloy have been explored as
catalysts for non-enzymatic glucose detection. Transition metal (Ni and Cu) and their
oxide (NiO, CuO, Cu;O) also showed improved performance’ of the direct
electrocatalytic oxidation (Basabe-Desmonts et al. 2007; Joo and Brown, 2008).
Tyrosinase was also determined by MIPs based sensors. A MIP based sensor was
developed by electropolymerization of o-phenylenediamine of tyrosinase from
mushrooms. The template was extracted by proteinase K and sensor showed a linear
sensor response range of 50 nM with LoD of 3.9 nM with linear regression co-efficient
(R?) value of 0.99 (Yarman. 2018). Vitamin K serve as co-factor to prevent the blood
from clotting. Therefore, the detection of vitamin K is of substantial importance.
Molecularly imprinted polymer based sensors provide the solution for its detection. To
develop a sensor, a synthetheic compound i.e. menadione (vitamin K3) was used as a
template molecule. MIPs based sensor provides a good detection range with LoD of
700nM by the heat transfer method (Eersels et al. 2018).

Molecularly imprinted polymer based sensors were used for the detection of
lipoproteins i.e. low density lipoprotein (LDL) and high density protein (HDL) by using
bimonomer mixtures such as methacrylic acid and vinylpyrolidone in ratio of 3:2 and
2:3 respectively. The fabricated sensor exhibited the LoD towards LDL and HDL in the
rahge of 3-400 mg/dL and 8-200 mg/dL respectively (Chunta et al. 2019). Molecular
imprinting technique is a versatile method for the separation of analyte from a sample
mixture and also for determination purpose. A MIPs based sensor was prepared for the
detection of Escherichia coli bacteria in food samples and their fluids etc. The
recognition receptors were synthesized by employing polyurethane thin layer on stain
less steel chip. The transducer measures the thermal resistance which showed linear
response with increased number of captured bacteria. The findings from these
experiments indicated that thermal conductivity increases. The reference
(Enterobacterae) was also used to cross-check the sensitivity of sensor at the proposed

signal/noise ratio (Cornelis et al. 2019).
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2.1 Introduction

Glucose is an exceptional energy source for the human beings (Foltynski et al. 2018)
and a preliminary energy source for brain; therefore, its accessibility affects biological
processes (Muscogiuri et al. 2018). The blood glucose level between 4.4-6.1 mMol/L
considered being normal during fasting and the exceeding of glucose level from this
range alarms the medical issues (Martin et al. 2018). A continuous increased level of
blood glucose leads to hyperglycemia (Anunciagdo et al. 2018, Dash et al. 2018).
Diabetes Miletus is World known health issue among the other problems related to
hyperglycemia (Rush and Yan 2017, Nikbakht et al. 2018). Major cause of
hyperglycemia may be the laziness, lack of exercise, obesity and genetic susceptibility
(Micha et al. 2017, Mielgo-Ayuso et al. 2017). Glucose is a monosaccharide with both
an aldehyde and polyalcohol groups. It bears four chiral carbon atoms; Ca, C3, Cs and
Cs. Glucose has five hydroxyl groups which imparts characteristics of hydrogen bond
donor and hydrogen bond acceptor shown in figure 2.1 (Shendurse and Khedkar 2016).
Function of Insulin on muscle and adipose tissues are (i) carbohydrate metabolism, it
enhances the glucose transport rate within cell membrane. (ii) protein metabolism, helps
to increase transfer of different amino-acids (Dimitriadis et al. 2011). Beta cells of
pancreas release insulin, a basic hormone that maintains glucose level from blood to
cells (Alduraywish et al. 2017, Radwan et al. 2018). Insulin level (increase/ decrease)
may be the result of insistent hyperglycemia, which alternatively cause the diabetes
(Radwan et al. 2018). People with fasting glucose level (100 mg/dL to 125 mg/dL) is
considered as prediabetes , those with increased blood glucose level (140 mg/dL to 200
mg/dL) at considerable risk for developing diabetes mellitus as well as cardiovascular

diseases (Tuladhar et al. 2012, Protheroe et al. 2017).

2.1.1 Type 1 diabetes mellitus

5-10 % of people suffers from Type 1 diabetes mellitus (TIDM), it was termed as
insulin dependent diabetes. It is produced by a cellular-mediated autoimmune
destruction of the beta cells, finally leading to insulin deficiency which can occur at any
age. People with TI1DM usually require daily insulin treatment to sustain life (Griffin
et al. 2018).
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Figure 2.1: 3D structure of Glucose (HBA = Hydrogen bond acceptor, HBD = Hydrogen bond donor.

2.1.2 Type 2 diabetes mellitus

90-95 % diabetic patients belongs to Type 2 diabetes mellitus, it was termed as non-
insulin dependent diabetes, it affects the persons who bears insulin resistance and these
individuals do not require insulin treatment to survive (Castedal et al. 2018, Mufioz,
Valdés et al. 2018). The persons with this type of diabetes are insulin resistance and
may be obese (Perreault 2018, Wan, Fung et al. 2018). These types of patients mostly
go undiagnosed for several years because hyperglycemia rises slowly, at early stages
of diabetes and mostly it is not very severe (Maruo, Mori et al. 2018). Physical
activeness, dietary habits and life style factors are major causes of type 2 diabetes

mellitus (Griffin, Wall et al. 2018, Yaiyiam and Suthutvoravut 2018).
2.1.3 Gestational diabetes mellitus

This type of diabetes mostly associated with elevated blood glucose diagnosed during
pregnancy. This does not mean that the woman will have diabetes after baby birth or
that she had it before she conceived but it is a risk factor for type 2 diabetes in the future
(Trautwein, Koppenol et al. 2018).

The increased level of glucose causes severe diseases such as nervous, cardiac, renal,
cerebral, ocular and peripheral vascular diseases in diabetic patients. Diabetes mellitus
is a serious health issue; this causes 4 million deaths every year and 171 million people

suffering from diabetes worldwide. It has been estimated that number of diabetic
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patients would be more than double of the existing patients globally (Sharma, Kaur et
al. 2018, Zimmermann-Schlegel, Wild et al. 2018). To avoid future complications,
diabetic patients should examine their blood glucose level firmly though no cure for
diabetes (lacovazzo, Flanagan et al. 2018).

Glucose is an uncharged, low molecular weight molecule of substantial importance.
Anomalous glucose concentration in blood, if not properly observed, can cause serious
life-threatening difficulties to patients that can result in diabetes or other related
diseases (Behera, Rai et al. 2018, Karst, Lammer et al. 2018, Steinarsson, Rawshani et
al. 2018). Furthermore, the deficiency or efficiency of glucose level in human blood
can be fatal and can cause numerous life-threatening diseases therefore, the
determination of blood glucose is of potent importance and for this purpose hand-in and
simple in use detection tools are of substantial interest (Vargas, Ruiz et al. 2016, Shen,
Sun et al. 2018). Currently numerous analytical techniques such as, spectrophotometry
(Leotério, Silva et al. 2015), colorimetry (Emran, Mekawy et al. 2018),
spectrofluorometry (de Falco and Lanzotti 2018), gas chromatography (GC) (Ma, Sun
et al. 2014), mass spectrometry (MS) (Wang, Yu et al. 2018), flow injection analysis,
and high-performance liquid chromatography (Liao, Lu et al. 2016, Emran, Khalifa et
al. 2017) are in practice for the quantification of glucose contents. Therefore, there is
always an ever-growing demand of highly sensitive, selective, reliable and cost
effective glucose contents monitoring device (Yuan, Li et al. 2018, Zhang, Luo et al.
2018) and hence, substantial efforts have been made in this field. Various sensor
systems have been reported based on glucose oxidase and enzyme free sensing
strategies (Dai, Cao et al. 2018, Boobphahom, Rattanawaleedirojn et al. 2019).
However, certain factors including pH, temperature, humidity, toxic chemicals,
denaturation by environmental changes, time consuming and cost-effectiveness indeed
limit their real-time applications (Saraf, Natarajan et al. 2018). To address these issues,
many attempts have been made to detect glucose by non-enzymatic receptors and are
mostly based on the electrochemical oxidation of glucose at the electrode surface
(Chatterjee, Das et al. 2018). The molecular imprinting provides a straightforward
strategy for the generation of highly selective receptors having specific recognition sites

for the desired template (Emran, Shenashen et al. 2018). Molecular imprinted polymers
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(MIPs) based sensor receptors offer substantial sensitivity, selectivity, storage stability,
mechanical strength and cost effectiveness, reversibility, limit of detection and selective
behavior of sensor in complex media. In this chapter, we have reported optimized
molecular imprinting of glucose molecules by using 30:70 of functional monomer and
cross-linker, then the MIPs based electrochemical sensor was fabricated by utilizing
stretchable interdigital electrode (IDE) as transducer and exposed to different
concentrations of glucose. Furthermore, the sensitivity, selectivity, response time,
reproducibility and life time spam of the fabricated sensor has been improved by using

molecular imprinted polymers-functionalized graphene nanocomposite as receptors.
2.2 Experimental section

2.2.1 Chemicals and materials

Glucose (99.5 %), sucrose (99 %), maltose (99 %), fructose (99 %), dimethyl
sulphoxide = (DMSO, 99.7%), n-vinyl pyrolidone (99 %), 4, 4'-
diphenylmethanediioscyanate (DPDI 98 %), phloroglucinol (PG 99 %), bisphenol A
(BPA >99 %), chloroform, methacrylic acid (MAA 99 %), styrene and 2,2°-
azobisisobutyronitriie (AIBN 99 %) and ethylene glycol dimethacrylate (EGDMA 98
%), acetone (> 99 %), methanol (99.8 % anhydrous), ethanol (99.8 % anhydrous) were

purchased from Merck and Sigma Aldrich with the maximum available purity.

2.2.2 Synthesis of n-vinyl pyrolidone based molecularly imprinted
polymer (VP-MIP)

Poly(vinylpyrolidone) MIP was synthesized by following the method (Yasinzai,

Mustafa et al. 2018) with few alterations. 2.7 x10* mM of Vinylpyrolidone, 3.5 x10

mM of EGDMA was mixed into an eppendorf having 500 uL (4 mmole) of glucose

solution in DMSO. Mixture was homogenized by vortex and then 4 mg of AIBN was

used as free radical initiator. Vortex this resultant solution and heated at 60 °C for

45minutes in water bath till a transparent gel point was attained.
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2.2.3 Synthesis of non-imprinted polyvinyl pyrolidone polymer (VP-
NIP)

A non-imprinted monolith (NIP-monolith) was prepared for reference experiment using
the similar experimental procedure without adding template (glucose).
Poly(vinylpyrolidone) MIP was synthesized by following the method (Yasinzai,
Mustafa et al. 2018) with few alterations. 2.7 x10"* mM of Vinylpyrolidone, 3.5 x10*
mM of EGDMA was mixed into an eppendorf having 500 uL. DMSO. Mixture was
homogenized by vortex and then 4 mg of AIBN was added as free radical initiator.
Vortex this resultant solution and heated at 60 °C for 45 minutes in water bath till a

transparent gel point was attained.

2.2.4 Synthesis of methacrylic acid based molecularly imprinted
polymer (MAA-MIP)

Imprinted polymer was synthesized by mixing 3.4x10™* of methacrylic acid (MAA) as

functional monomer, 3.5 x10* mM of EGDMA as cross linker, 5 mg of AIBN as free

radical initiator and 500 uL. of DMSO as solvent. 2 mg (4 mM) of glucose was added

to mixture as template. The mixture was vortex for S minutes to homogenize and then

place in water bath at 60 °C for 45 minutes to polymerize.

2.2.5 Synthesis of non-imprinted polymer (MAA-NIP)

Non-Imprinted polymer was synthesized by the same method as MAA-MIP without
addition of template (glucose) molecule. Glucose imprinted polymer was synthesized
by adding 3.4x10"* mM of methacrylic acid (MAA) as functional monomer, 3.5 x10*
mM of EGDMA as cross linker, 5 mg of AIBN as free radical initiator and 500 pL of
DMSO as solvent. The mixture was vortex for 5 minutes to homogenize and then place

in water bath at 60 °C for 45 minutes to polymerize.
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2.2.6 Synthesis of polyurethane based molecularly imprinted polymer
(PU-MIP)
Polyurethane based maltose imprinted receptors were synthesized using 40 to 60 ratio
between monomer and cross-linker. Urethane based receptors were synthesized by
1.9%x10 mM of phloroglucinol (PG), 8 x10* mM of bisphenol A and 3.6x10* mM of
DPDI was vortexed in 1 mL of DMSO. Glucose (2 mmole) was added and
homogenized by vortex. The resultant solution was heated for 30 minutes at 45 °C in
water bath till gel point was obtained which indicated the synthesis of maltose imprinted

polymer.
2.2.7 Synthesis of non-imprinted polymer (PU-NIP)

Non-imprinted polyurethane (PU-NIP) was synthesized using the same procedure
without adding glucose. Polyurethane based maltose imprinted receptors were
synthesized using 40 to 60 ratio between monomer and cross-linker. Urethane based
receptors were synthesized by 1.9x10* mM of phloroglucinol (PG), 8 x10* mM of
bisphenol A and 3.6x10* mM of DPDI was vortexed in 1 mL of DMSO and
homogenized by vortex. The resultant solution was heated for 30 minutes at 45 °C in
water bath till gel point was obtained which indicated the synthesis of maltose imprinted

polymer.

2.2.8 Synthesis of polystyrene based molecularly imprinted polymer
(PS-MIP)

Styrene (2.8x10 mM), 3.5 x10* mM of ethylene glycol dimethacrylate (EGDMA), 2

mg of AIBN as free radical initiator were mixed into an eppendorf tube. To the above

solution, 500 pL of dimethyl sulfoxide (DMSO) as solvent and 2 mg of glucose (4 mM)

were solubilized by vortex. Then mixture was polymerized into water bath at 70 °C for

45 minutes till transparent gel point is reached. Non-imprinted polymer (reference) was

also synthesized exactly in the same way without adding template (glucose).
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2.2.9 Synthesis of non-imprinted polymer (PS-NIP)

For the synthesis of non-imprinted polymer (reference), performed the same procedure
as above mentioned, without adding the template (glucose). Styrene (2.8x10™* mM), 3.5
x10* mM of ethylene glycol dimethacrylate (EGDMA), 2 mg of AIBN as free radical
initiator were mixed into an eppendorf tube. To the above solution, 500 pL of dimethyl
sulfoxide (DMSO) as solvent and vortex it. Then mixture was polymerized into water

bath at 70 °C for 45 minutes till transparent gel point is reached.

2.2.10 Synthesis of polystyrene graphene oxide based molecularly
imprinted composite (PS-GO-MIP)

Polystyrene graphene oxide based molecularly imprinted composite was synthesized

by adding graphene oxide (0.5 mg) and mixed through sonication (prepared by

oxidation of graphite according to the modified Hammer’s method as shown in figure

2.2) (Meng et al. 2019) in 600 pl of imprinted polymer. Then this suspension was

sonicated till a homogeneous solution achieved.
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Figure 2.2: A schematic diagram for the synthesis of graphene oxide.
2.2.11 Immobilization of receptors onto interdigital electrodes (IDEs)
Interdigital electrode (IDE) with electrodes spacing (1= 0.5° and number of fingers =

18) was used as transducing surface, for sensor measurements. IDEs were cleaned by

washing with de-ionized water followed by methanol. 15 pL of imprinted polymer
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(MIP) was coated onto IDEs by spin coating at a speed of 2500 rpm as shown by figure
2.3.

Figure 2.3: Synthesized receptors were coated onto interdigital electrode by spin coating.

The IDEs were dried in oven overnight to achieved dry and compact polymer thin film.
2.2.12 Removal of template from MIPs thin films

To remove the template from imprinted polymer matrix, IDEs washed with deionized
water by continuous stirring for 90 minutes using magnetic stirrer at room temperature.
After washing out the template molecules from polymer thin films, template size

identical cavities were achieved.

2.2.13 Characterization of receptors with fourier transform infra-red
(FTIR)

FTIR spectra of thin films of all molecular imprinted polymers (MIPs), non-imprinted
polymer (NIPs) and graphene oxide based composite (GO-composite) were recorded

by using Shimdazu-1800S FTIR in the range of 4000-500 cm™'.

2.2.14 Characterization of receptors with scanning electron
microscope (SEM)

SEM images of receptor’s thin films were attained by scanning electron microscope

(LEO DSM 892 Gemini) equipped with energy dispersed X-ray EDX analyzer

2.2.15 Differential thermal and thermogravimetric (DTA/TGA)
analysis of sensor receptors

Differential thermal and thermogravimetric analysis was studied by using STA PT1000
TG-DSC  (STA  Simultaneous Thermal Analysis) STA (TGDSC/DTA)
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Thermogravimetric Analyzer (Linseis Thermal Analysis, Germany) with detector
DTG-60H (detector serial number C30574700276TK) at a heating rate of 10 °C/min
under air atmosphere. The temperature range was fixed from ¢ °C to 600 °C. The

amount of sample 5.33 g was taken for analysis.
2.3 Results and discussion

2.3.1 Characterization and sensor measurements of vinylpyrolidone
system based receptors

2.3.1.1 Characterization of synthesized receptors by FTIR spectroscopy and
scanning electron microscope
To study the chemical structure of thin films of imprinted and non-imprinted polymers,
FTIR was plotted between wave number and % transmittance. A peak was observed at
2980 cm as shown by figure 2.3, due to stretching vibrations of sp>‘\CH), while C-O-
C stretching vibration was found at 1160 cm'. The ester group of EGDMA showed a
characteristic stretching band at 1734 c¢m’!, The peak at 1425 cm™' was found 2
representative peak of C=N, C=C due to the stretching of pyridine group present in n-
vinylpyrolidone. These major peaks in spectra showed that the polymerization occurred
and imprinted polyvinyl pyrolidone were achieved by free radical polymerization of

EGDMA and VP.
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Figure 2.4: FTIR spectra of non- imprinted and imprinted polyviny) pyrolidone based glucose
receptors.

Figure 2.5: SEM images of (a) NP and (b) MIPs of polyvinyl pyrolidone based glucose receptors.

To assess the surface motrphology of synthesized receptors, scanning electron
microscopy (SEM) was used. Thin films of the MIPs and NIPs were generated onto a
glassy substrate and the SEM images of MIPs and NiPs are shown in figure 2.5. A
homogenous, interconnected, porous and uniform skeleton with symmetrical
distribution can be observed from the morphological view of obtained images. Different
surface topography represented by thin films were clearly noticed, more suitable for

permeability and a reduced mass transfer resistance.
2.3.1.2 Sensitivity measurements of fabricated sensor

The fabricated sensor was exposed to various concentrations of analyte ranging from

1-50 ppm to assess the sensor responses against these concentrations.
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Figure 2.6: Sensor measurements of polyvinyl pyrolidone based glucose receptors by LCR meter.

At zero concentration (pure water only) of template molecule, capacitance was 0 nF.
The sensor showed a response of 11 nF, 23 nF, 37 nF, 54 nF, 73 nF, 97 nF and 138 nF
at 1 ppm, 5 ppm, 10 ppm, 20 ppm, 30 ppm, 40 ppm and 50 ppm of glucose as shown
in figure 2.7 (a) where the dark black lines represents the sensor response IDEs coated
with glucose imprinted polymers while non-imprinted polymer (NiP) as reference, for
different concentrations ranging from 0-50 ppm. In contrast to MIP, the NIP exhibited
very slight signals of 2-16 nF for the same concentrations, which is negligible as
compared to that of imprinted polymer because of availability of cavities/selective
molecular imprints present on the imprinted polymer surface. By increasing the
concentration of analyte (glucose), conductance was increased which shows the
concentration dependent linear response of fabricated sensor. The increase of
conductance might be due to the -OH (hydroxyl) group present in glucose which was
trapped within the molecular cavities present in polymeric mairix coated onto IDEs,
Furthermore, the regression analysis of sensor responses depicts the linear behavior of
sensor against the various concentrations of glucose ranging from 1-50 ppm with a

correlation co-efficient (R?) of value 0.98 as shown in figure 2.7 (b).
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Figure 2.7: (a) Sensitivity response of NIP and MIP of polyvinyl pyrolidone based glucose sensor at
different concentrations (0-50 ppm) and (b) Linear regression analysis of glucose sensor.

As can be seen in figure 2.7 (a) that at a concentration of 1ppm, the sensor signal was
11 nF with noise signal of 0.5 nF and the lower limit of detection (LoD) was calculated
by signal to noise ratio (S/N = 3) method. The sensor exhibits very good LoD of ~136
ppb to 500 ppm towards its analyte of interest. Hence, the sensor responds very
efficiently for the concentration range 1-50 ppm, which relates to the essential clinical
amount of glucose for human beings. Obviously, the results of glucose sensor presented
here showed very lower limit of detection, broad dynamic range and excellent response
time i.e. ~2 seconds.

It is important for the synthesis of an efficient molecular imprinted polymer that there
should be strong interactions between the functional monomer and analyte. The number
of hydrogen bond acceptor and hydrogen bond donor groups present in glucose which
has a vital role in the development of non-covalent interactions between glucose and
polymeric matrix. Another reason for the substantial sensor signal changes of glucose
imprinted VP polymer on exposing to glucose could be that glucose is selectively
adsorbed in the polymer matrix that produces the potential change or greater in response
with the increase in concentration even at very minute concentration of glucose. Ideally
sensor should be concentration dependent and should be reversible. This newly
fabricated sensor follows the same pattern and upon increasing the concentration of
template, conductance increases in a linear manner which depicts the linear relation
between template molecule and conductance. When the sensor was exposed to zero
concentration of glucose after tacking sensor response of each concentration, the sensor
reaches its initial value which represents the reversible and regeneratable behavior of
fabricated sensor. The non-covalent interactions between the template molecules and
polymeric matrix may base on the interaction of monomer and glucose molecules and
the OH group present on glucose interacts with vinyl pyrolidone while methylene group
of EGDMA provides support to imprinted polymer skeleton to generate cavities within
polymer matrix. These possible interactions between template molecules and polymeric
matrix can be seen in figure 2.8 where dipole-dipole force and hydrogen bonding cause

the interaction between template molecule and imprinted cavities.
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Figure 2.8: The rebinding and removal of template from polyvinyl pyrolidone based glucose receptors.

The ability of a template molecule to discriminate the other interfering species, which
have a similar electro activity to the target analyte, same shape and similar oxidizing
potential is considered as one of the most significant factors in electrochemical sensor
design. Superior response of any sensor towards specific analyte may be due molecular

imprinting because molecular imprinting shows key and lock mechanism.

2.3.1.3 Selectivity analysis of fabricated sensor

Selectivity is an important parameter for a fabricated sensor. It is very essential to check
the selectivity of imprinted sensor by exposing it against various competing molecules
based on structure, functional group and geometry of the imprinted analogue. Fructose,
maltose, sucrose and n-hexane were selected as interfering species to evaluate the
specificity of a sensor. Selectivity analysis was performed by exposing the fabricated
sensor to 50 ppm concentration of glucose. At 50 ppm, conductance of glucose was
138nF while at same concentration, conductance value for fructose, sucrose, maltose
and n-hexane was 8, 9, 7 and 4 nF respectively as shown in figure 2.8. The sensor
response towards glucose is higher by the factor of 17 as compared to fructose while
both have a similar number of carbon atoms and their molecular weight are also same.

Glucose and fructose differ only in their structure and the spatial arrangements of
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functional groups and this substantial difference between the sensor responses against

both confirm the governing of key-lock rule exhibit by molecular imprinted polymers.

Sensor Response (oF)

Glucose Frucewse Maltose Sucrose n-Hexane

Figure 2.9: Selectivity of polyvinyl pyrolidone based glucose sensor against different competing
molecules at 50 ppm.

It is also confirmed from the sensor behavior against these two highly identical species
that molecular cavities are size and shape specific and the interactions are more
dependent on size and geometry of the molecule showed higher selectivity response
than other interfering species. Maltose exhibited a sensor response of 7 which is 15
folds less than glucose. Maltose and glucose have same structure and spatial
arrangement, while maltose is a disaccharide, a combination of two glucose molecules.
It showed a very negligible sensor response due to structural resemblance of cavities
generated by glucose imprinted polymer. The sensor response showed by sucrose is 9
which is less by a factor of 20. During polymerization process, n-vinylpyrolidone and
EGDMA rearranges themselves around the imprinted molecule in a very effective way
towards the template molecule i.e. glucose. n-Hexane has six carbon atoms similar to
glucose but differ on the basis of structural formula and functional group. The sensor
response showed by n-hexane is 4 nF which is highly negligible than glucose (34 times).
This is because both glucose and n-hexane differ from each other. There is no similarity

between them except the same number of carbon atoms. Selectivity response of MIP is
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also very high than NIP. Lower response of NIP is due to the absence of cavities onto

the fabricated transducer.

2.3.1.4 Reproducibility, reusability and stability

An ideal sensor must be reproducible, highly stable and reusable for pharmaceutical
and food industries.
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Figure 2.10: Repreducibility and reusability of three polyviny| pyrolidone based glucose sensors
prepared in the same manner (b) Stability profile of glucose sensor over the period of six months.

Reproducibility of a fabricated sensor is determined by measuring the sensor response

repeated under same experimental conditions while at different time. To investigate the
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reproducibility of a fabricated sensor, the sensitivity profile of sensor was assessed
every month. The reproducibility of three different glucose imprinted sensors was
measured using relative standard deviation of conductance (nF). The sensor signals of
sensor 1 was 137 nF, sensor 2 showed sensor signals of 136 nF whereas for sensor 3, it
was 136 nF. At different time, three different sensors showed different response under
same experimental conditions as depicted in figure 2.10 (a). These observations
confirmed the reproducibility of fabricated glucose sensor by 0.5 % RSD value (n=3).
Stability of a sensor is a parameter that takes into account the reducibility of a fabricated
device measurements after a long use. For stability profile, a glucose sensor was
synthesized following the above mentioned procedure and stored it for six months. At
every month, sensor response was assessed by exposing the sensor at 50 ppm
concentration of template (glucose) molecule. The measured sensor response at zero
month was 138 nF whereas after one month, sensor response was decreased to 136 nF.
In third and fourth months, sensor signals were reduced upto 135 nF. Furthermore, the
sensor cycle was repeated for fifth month, sensor signals of 134 nF were found
respectively. These repeated sensor measurements were close to each other and were
not observed any significant change in its response. This negligible reduction in sensor
response might be due to minute thin film loss, swelling and shrinkage of fabricated
receptor and number of effective collisions etc. This newly developed sensor showed
highly efficient results (%age efficiency = 0.98 %) with maximum retained sensor

response of 98.4 % as can be seen in figure 2.10 (b).

2.3.2 Characterization and sensor measurements of methacrylic acid
system based receptors

2.3.2.1 Characterization of synthesized receptors by FTIR spectroscopy and
scanning electron microscope

To assess functional group changes during the polymerization of methacrylic acid

(MAA) and ethylene glycol dimethacrylate (EGDMA), ATR-FTIR analysis of

receptors was performed.
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Figure 2.11: FT-IR spectra of NIP and MIP polyacrylic acid based glucose receptors.

FTIR spectra for acrylate based receptors was obtained in the range of 700-3900 cm'!
as shown in figure 2.11. Spectra of MAA and EGDMA showed —C=C stretching
frequency at 1650 cm™!, The peaks at 1670-1515 cm™! are vibrational peaks indicating
C-H stretching and C-H bending of polymer chains. The characteristics peaks centered
at 1035-1149 cm™! indicated the presence of polysaccharides in MIP. The absorption
peak at 3200-3400 cm’' was attributed to stretching vibrations of -OH of glucose. The
peak at 1702 cm’' shows the presence of ester group in the matrix and the other extra
peaks are attributed to free radicle polymerization,

To assess the surface morphology of synthesized receptors, scanning electron
microscope {SEM) was used. For this purpose, thin films of the MIPs and NIPs were
generated onto a glassy substrate and the SEM images of MIPs and NIPs are shown in
figure 2.12. SEM images showed granular topography of the coated thin films.
Difference in the topography of both MIP and NIP indicated the extraction of template

molecule.

Fabrication of Molecular Imprinted Polymer based Sensots for the Detection of Mono and Disaccharides

40



Chapter 2 Fabrication of Molecularly Imprinted Polymers and Nanocomposite based
Sensors for the Detection of Glucose

Figure 2.12: SEM images of (a) NIP and (b) MIP of methacrylic acid based glucose receptors.

2.3.2.2 Sensitivity analysis of fabricated sensor

After coating of glucose imprinted polymer onto IDEs and washing to generate cavities
within polymeric matrix, the sensor was exposed to various concentrations of glucose
to assess its sensitivity profile. The MIPs coated sensor yields substantially higher
response as compared to its counterpart NIPs that can be seen in figure 2.13 (a). The
obtained electrochemical results demonstrate that newly developed sensor was highly
sensitive even at very low concentration of 1 ppm. At 0 ppm, the observed capacitance
was 0 and as for 1, 5, 10, 20, 30, 40 and 50 ppm, measured response was 15 nF, 41 nF,
59 nF, 87 nF, 119 nF, 155 nF and 206 nF respectively with the lowest limit of detection
~115 ppb and highest detection limit of 500 ppm. Non-imprinted polymer was also
exposed to the same concentrations of analyte and sensor signals were very less. The
increase of conductance might be due to the -OH (hydroxyl) group present in glucose
which was trapped within the molecular cavities present in polymeric matrix coated
onto IDEs. Furthermore, the regression analysis of sensor responses depicts the linear
behavior of sensor against the various concentrations of glucose ranging from 1-50 ppm

with a correlation co-efficient (R?) of value 0.99 as shown in figure 2.13 (b).

Fabrication of Molecular Imprinted Polymer based Sensors for the Detection of Mono and Disaccharides

41



Chapter 2 Fabrication of Molecularly Imprinted Polymers and Nanocomposite based
Sensors for the Detection of Glucose

. S0ppum
- rabiith - (a) Raftrsace OIF)
190 &) e T ... SN SN N
i LT T L
i "
é LK EEEREEREE ERE RN R LR 40-':
-
g m--E . oo e T ¥ IO B
-t .‘bb.{b'
¥ . oppe
£l
[ ] 3 ] )3 »
; w0 i Contentration (ppem) Sppe ) i U i Y IR
16ppm
e ]
bl D N N SR N N ! AR D AR I
PP
& ppm Opgam Oppm tppm [
N O T LI | A TS T S, N
Tiste (minntes)

Figure 2.13: (a) Sensitivity response of NIP and MIPs of methacrylic acid based glucose sensor at
different concentration (0-50 ppm) (b) Linear regression analysis of glucose sensor,

It is important for the synthesis of an efficient molecular imprinted polymer that there
should be strong interactions between the functional monomer and analyte. The number
of hydrogen bond acceptor and hydrogen bond donor groups present in glucose which
has a vital role in the development of non-covalent interactions between glucose and
polymeric matrix. Another reason for the substantial sensor signal changes of glucose
imprinted acrylate polymer on exposing to glucose could be that glucose is selectively
adsorbed in the polymer matrix that produces the potential change or greater in response
with the increase in concentration even at very minute concentration of glucose. Ideally
sensor should be concentration dependent and should be reversible. This newly
fabricated sensor follows the same pattern and upon increasing the concentration of
template, conductance increases in a linear manner which depicts the linear relation
between template molecule and conductance. When the sensor was exposed to zero
concentration of glucose after tacking sensor response of each concentration, the sensor
reaches to its initial value which represents the reversible and regeneratable behavior

of fabricated sensor.
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Figure 2.14: The rebinding and removal of template from methacrylic acid based glucose receptors.

On the other hand, if we consider the interaction between the template molecules and
molecular binding sites within MIPs which are absent in NIPs then the higher sensor of
MIPs can easily be explained. NIP does not show any significant change in its response
due to lack of binding capacity towards analyte. Methacrylic acid provides support in
generation of cavities within polymer matrix whereas, non-covalent interactions
between OH group of glucose and -COOH functional group of functional monomer
may develop. These possible interactions between template molecules and polymer
matrix can be seen in figure 2.14 where dipole-dipole force and hydrogen bonding
cause the interaction between template molecule and imprinted cavities. The capability
of MIP to remove template molecule from other interfering species (having similar
electro activity to the targeted molecule, same structure and similar oxidizing potential)
is supposed the most important parameter in electrochemical sensor. Pronounced sensor
response towards specific analyte is attributed to molecular imprinting which was

generated by key and lock mechanism.

2.3.2.3 Selectivity analysis of sensor

Selectivity is an important parameter of chemical sensor. Sensitivity analysis, alone is
not sufficient, therefore, it is important to check the selectivity by exposing it against

different competing melecules based on structural and functional analogues. Fructose,
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maltose, sucrose, n-hexane were selected as interfering species to evaluate the
selectivity performance of the sensor. At 50ppm, conductance of glucose and other
interfering molecules were checked as shown in figure 2.15. Glucose sensor showed
signals (conductance) of 206 nF whereas fructose, maltose, sucrose and n-hexane were

15 nF, 15 nF, 10 nF and 10 nF respectively.
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Figure 2.15: Selectivity analysis of methacrylic acid based glucose sensor against different competing
molecules at 50 ppm.

Glucose showed 14 times increased sensor response than fructose, 19 folds higher than
maltose and sucrose and very negligible response was found by n-hexane. From these
observations, it is confirmed that thin film of receptors bears highly selective cavities
related to glucose than other competitors. During polymerization, methacrylic acid and
EGDMA rearrange themselves in a very effective way around the imprinted specie
results in a high number of recognition sites which is highly selective towards the

respective analyte.

2.3.2.4 Reproducibility, reusability and stability

To assess the reproducibility of fabricated sensor, three different sensors were

synthesized thrice under normal temperature and pressure.

Fabrication of Molecular Imprinted Polymer based Sensors for the Detection of Mono and Disaccharides

44



Chapter 2 Fabrication of Molecularly Imprinted Polymers and Nanocomposite based
Sensors for the Detection of Glucose

Senser Response (oF)

3
Time (momth)

[
At fabrics tion time

Figure 2.16: {a) Reproducibility and reusability a of three methacrylic acid based glucose sensors
prepared in the same manner (b) Stability profile of glucose sensor over the petiod of six months.

These fabricated sensors were exposed to 50 ppm concentration of analyte after one
month and senser response was measured. The obtained relative standard deviation
(RSD) of 0.4 % signifies the effective repeatability of 50 ppm with continuous use as
shown in figure 2.16 (a). In addition, 99 % sensor response was maintained which also
indicates that glucose MIP based sensor possesses excellent repeatability and

reproducibility.
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For stability measurents, a glucose imprinted polyacrylate sensor was synthesized using
the same recipe and stored for six months under normal temperature and pressure. The
fabricated sensor was exposed to 50 ppm concentration of glucose solution and
capacitance was measured thrice. From these measurements, relative standard deviation
{RSD) of 1.25 % indicated that the fabricated glucose sensor is highly stable at above

mentioned conditions as shown in figure 2.16 (b).

2.3.3 Characterization and sensor measurements of urethane system
based receptors

2.33.1 Characterization of symthesized receptors by FTIR spectroscopy and
scanning electron microscope

To study the chemical changes during pelymerization of MIP and NIP, FTIR analysis

in ATR mode was performed.
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Figure 2.17: FT-IR spectra of non-imprinted and imprinted polyurethane based glucose receptors.

tn this polymer matrix, N-H characteristic absorption peak was found at 3328 cm™! due
to the presence of hydrogen bond in the urethane linkage and urea groups. Carbonyl
group showed stretching vibrations at 1726 ¢cm™'. The stretching vibrations of ester
(C(0)-C) was present at 1126 cm™', The carbonyl peak (C=0) around 1700 cm™* due to
ester-polyols and urethane.
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To assess the surface morphology, synthesized receptors were coated onto the glassy
medium to achieve thin films of receptors. Surface morphology of thin film receptors
(NIP and MIP) was examined by scanning electron microscope (SEM) shown in figure

2.18.

Figure 2.18: SEM images of (a) NIP and (b) MIP of polyurethane based glucose receptors.

The thin film of MIPs showed swollen and rough morphology while NIP exhibited
highly porous structure while NIP shows smooth and non-porous surface. Difference
in the topography indicated the presence of template molecule in MIPs within the
polymer matrix whereas in NIP, there is no template molecule which proves the

successful polymerization.

2.3.3.2 Sensitivity measurements of fabricated sensor

The sensor shows the response of both MIP and NIP containing different amounts of
template, both layers are roughly 100 nm high on IDEs. The sensitivity profile of
fabricated IDEs was checked by LCR meter. IDEs were connected to LCR meter (figure
2.5) and exposed it into various concentrations of template ranging from 0-50 ppm. The
effect of imprinting is obvious; both IDEs respond to signals even at lower
concentrations of analyte. At 0 ppm concentration of glucose (analyte), the observed
conductance was 0 and at 1 ppm, 5 ppm, 10 ppm, 20 ppm, 30 ppm, 40 ppm and 50 ppm,
conductance was 21 nF, 34 nF, 41 nF, 86 nF, 141 nF, 197 nF and 275 nF respectively
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shown in figure 2.19 (a). While NIP response at these concentrations was found 15 nF
at 50 ppm concentration, which is negligible as compared to MIP response. However,
on the imprinted IDE, its response is substantially greater, by a factor of at-least

eighteen than on the non-imprinted polymer matrix.
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Figure 2.19: (a) Sensitivity response of NIP and MIPs of polyurethane based glucose sensor at different
concentration (0-50 ppmy) (b} Linear regression analysis of glucose sensot.

The significant difference between the responses of NIP and MIP is because of
availability of molecular imprints/cavities present on the surface of imprinted polymer.
Moreover, it can also be assessed the affinity interactions between the analyte and
polymer matrix, the change in sensor response indicates that template molecule is
inserted into the cavities of sensitive layer which is present on the whole of imprinted
polymer. Furthermore, low noise level (0.5 nF) allows for limit of detection as low as
71 ppb and maximum detection limit ~500 ppm which is surprising for glucose
detection. All the proposed sensors are reversible in nature, in case of long term
stability, no extra care was required during their operation. The sensor response was
measured in the range of 22-275 nF.
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Sensitivity response is directly related to analyte concentration, therefore the figure 2.19
(a) shows that as the concentration of analytes increases, the conductance was also

increased which indicates a linear response of the fabricated sensor.
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Figure 2.20: The rebinding and removal of template from polyurethane based glucose receptors

This might be the reason that the glucose bears OH groups which have negative charge
act as an electroactive species. Hydrogens present in DPDI can act as both hydrogen
donor / acceptor. Hydroxyls of glucose show hydrogen bonding and it is important for
the synthesis of an excellent imprinted polymer that there should be appropriated
interactions between template and functional monomer. The sensor produced linear
response with linearity co-efficient (R?) = 0.99 as shown in figure 2.19 (b). It may also
be possible that strong interactions developed between DPDI and template (figure
2.20).

2.3.3.3 Selectivity analysis of sensor

Selectivity is a crucial analytical parameter used for the chemical sensor for the
detection of template molecule (glucose). Selectivity of glucose sensor was performed
against fructose, sucrose, maltose and n-hexane at 50 ppm as shown in figure 2.21.
These molecules are competing species for glucose, have structural and functional
group similarities with glucose. Glucose exhibited highest sensor response than other

competing species. The results showed that glucose response was 21 times higher
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response than fructose, 22 times than maltose, 39 times from sucrose and 55 times
higher than n-hexane respectively. It shows that glucose is highly selective and specific
for imprinted sensor. The comparison of selective behavior of glucose sensor with other
competing species showed that fructose has higher selectivity co-efficient than others.
The greater selectivity co-efficient of fructose might be because it is also a
monosaccharide sugar such as glucose therefore, it has maximum structural
resemblance. Sucrose and maltose both are disaccharide, due to same functional group,

selectivity co-efficient is also higher than n-hexane.
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Figure 2.21: Selectivity analysis of polyurethane based glucose sensor against different competing
molecules at 50 ppm.

2.3.3.4 Reproducibility, reusability and stability

To evaluate the reproducibility, reusability and longer term stability of the fabricated
sensor, repeatability tests were performed at 50 ppm concentration of glucose, where
the same sensor was washed with de-ionized water and stored at room temperature
when it was not in use. Reproducibility of sensor data showed RSD =1.36 % where n=6
and with maximum retained sensor response was 98.9 %. Furthermore, stability of
sensor was evaluated after an interval of Imonth upto 6months. sensor was stored at
optimized conditions upto 6months, the sensor retained its more than 98.9 % efficiency

to its initial response as shown in figure 2.22.
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Figure 2.22: {a) Reproducibility and reusability of three polyurethane based glucose sensors prepared
in the same manner (b) Stability profile of glucose sensor over the period of six months.

2.3.4 Characterization and sensor measurements of styrene system
based receptors

2.3.4.1 Characterization of synthesized receptors by FTIR spectroscopy and
scanning electron microscope

To understand the changes in the functional group of NEP, MIP and GO-MIP (graphene
composite), FTIR analysis (ATR mode) was performed. FTIR spectra for polystyrene
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system was observed in the range from 600-4000 cm™'. The characteristic peak at 900-
1100 cm'! indicates the presence of glucose in case of both MIP and GO-MIP whereas
absence of this peak in NIP spectra confirms the removal of glucose. The absorption
peak at 3000-3400 cm™' was attributed to stretching vibrations of -OH of glucose and
confirms the hydrogen bond formation which is absent in NIP. The peak at 2800-2900
cm’! were assigned to the sp? (CH) aromatic rings. By comparing the peaks present with

MIP and GO-MIP, were found absent in NIP.
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Figure 2.23: FT-IR spectra of non- imprinted and imprinted polystyrene based glucose receptors.
The surface morphology of generated NIP, MIPs and GO-MIPs thin films was assessed
by scanning electron microscopy (SEM) and microscopic images of the molecular
imprinted polymer and non-imprinted polymer (NIPs) shown in figure 2.24. After the
polymerization, template (glucose) molecules were extracted by washing with water
which leads to the creation of the template identical moieties within the styrene based
polymeric matrices. The micrograph of imprinted polymer showed the surface changes
during template molecules removal from polymer matrix and porogenic effect during

polymerization while such structures have not been seen in NIP.
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Figure 2.24: SEM images of (a) MIP (b) NIP and (¢) GO-MIPs composite of polystyrene based glucose
receptors.

2342 Thermogravimetric and differential thermal analysis (TGA/DTA)

To determine the stability of non-imprinted, imprinted and GO-MIPs composite, the
weight loss and derivative weight loss of NIP, MIPs and GO-MIPs was examined by
thermogravimetric and differential thermal analysis (TGA/DTA). In case of 2.25 (a)
NIP, weight loss in TGA curve was observed in temperature range of 25 to 600 °C.
During the first stage, temperature change starts from 23.22 °C and ends at 302.75 °C
with weight loss of -1.579 mg while in the second is -4.007/5.33 mg weight loss.
Temperature changes start from 305.10 °C and end at 591.69 °C. The total weight loss
in case non-imprinted TGA curve is -5.586/5.33 mg (-104.5 %). In case of 2.25 (b)
MIPs, during the first stage, temperature changes start from 29.05 °C and end at 595.63
°C with weight loss of -5.359/5.33 mg (-100.5 %). In case of 2.25 (c¢) GO-MIPs
composite, temperature change starts from 14.52 °C and ends at 596.80 °C with weight
loss of -5.462/5.34 g (-102.3 %).
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Figure 2.25: TGA and DTA curves of (a) NIP (b) MIPs and (¢) GO-MIPs composite of polystyrene
based glucose receptors.
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These findings from TGA curves indicate that styrene based polymers and their
composites are highly stable and can be used for the molecular imprinting of glucose

to generated highly selective receptor for sensing purposes.

2.3.4.3 Sensitivity measurements of fabricated sensor

Molecular imprinted polymers (MIPs), coated onto stretchable transducer (IDE) surface
bears size identical recognition cavities to bind selectively with template molecules in
non-ionic and non-covalent linkages. The incorporation of glucose into cavities from
sample solution results in changing the ¢lectrical properties of the MIPs layer onto
transducer surface. The conductivity of MIPs thin film varies with the variation of
incorporation of glucose molecules into recognition sites. Thus, conductance of the
MIPs layer is directly related to the incorporated glucose molecules concentration
within the polymeric matrix. In order to assess the sensor response towards template
molecules, it was exposed to various concentration of glucose solution and sensor
responses were observed by measuring sensor signals with the help of high precision
LCR meter (IET 7600 Plus precision LCR meter).
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Figure 2.26: (a) Sensitivity response of NIP and MIPs polystyrene based glucose sensor at different
concentrations (0-50ppm) and (b) Linear regression analysis of glucose sensor.
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The sensor behavior towards the various concentration of glucose in aqueous solution
has been shown in figure 2.26 (a). At a concentration of 50 ppm, sensor showed a
change in response of 393 nF while the sensor response gradually enhances with the
increases in glucose concentration showing the linear behavior. The sensor exhibits an
excellent reversibility when subjected to zero concentration of glucose solution. Sensor
response of styrene system has been recorded from 1-50 ppm concentration of glucose
with lowest limit of detection ~15 ppb and detection range ~15 ppb to 590 ppm. The
sensor showed a change in signals from 99.9 nF to 393 nF towards 1 ppm to 50 ppm
concentrations of glucose which indicates the concentration dependent linearity of
sensor signals which is due to the change in number of glucose molecules incorporated
in sensor moieties. Styrene monomer is hydrophobic with no particular functionality
and the role it may assist in formation of glucose imprint within polymer matrix where
it could exactly fix and organize with the crosslinking agent, EGDMA. It thus induces
shape and geometrically fit holes in MIPS that make it capable of selective
incorporation of template molecules. While the behavior of sensor with NIPs as
recognition materials is not influenced by the change in concentration as can be
depicted by figure 2.26 (a). The conductance measurements of sensor responses are
performed at pH 7 while the effect of pH can be removed by subtracting NIPs based
sensor responses from MIPs based glucose sensor.

To improve the performance and sensitivity of a fabricated sensor, optimizing the
structure of imprinted polymer was designed in such a way that recognition cavities
should be situated in close proximity and at the surface of polymer material. In order to
achieve above goal, the surface area of receptors and interactions between the analyte
and sensor receptors were enhanced by combining the MIPs with functionalized
graphene. For this purpose, functionalized graphene was added during polymerization.
The sensitivity of graphene oxide based composite substantially enhance towards
analyte due to the excellent electrical and mechanical properties of functionalized

graphene.
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Figure 2.27: (a) Sensitivity response of NIP and GO-MIPs composite of polystyrene based glucose
sensor at different concentrations (0-50 ppm) and (b) Linear regression analysis of glucose sensor.

Figure 2.27 shows the sensor response between non-imprinted polymer (NIP) and
Graphene oxide composite. Graphene composite enhances the sensor signals ~3 folds
with a very lowest limit of detection of 6 ppb and highest detection limit of 600 ppm.
It is because of the electrical conductance nature of graphene and excellent increase in

surface area of imprinted polymer.

e

EJJJJ’ ;

—p oy o=y

R NIP
1 10 b ] 30 40 Eul
Coscentration (ppm)

Figure 2.28: Comparison of NIP, MIPs and GO-MIPs composite of polystyrene based glucose sensor at
different concentrations (0-50 ppm).
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The surface morphological studies showed availability of the high surface area as
compared to other polymers which leads to the high sensor response because of
glucose-styrene interactions which leads to the maximum adsorption of template
molecules. The non-covalent interactions between the template molecules and
polymetic matrix may base on the interaction of crosslinking agent and glucose
molecules and the OH group present glucose interact with EGDMA while the styrene
provides support in form of polymerization to generate cavities within polymer matrix.
The possible interactions between template molecules and polymer matrix can be seen
in figure 2.28 where dipole-dipole force and hydrogen bonding cause the interaction

between template molecule and imprinted cavities.
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Figure 2.29: The rebinding and removal of template from polystyrene based glucose receptors.
The capability of an analyte to discriminate the other competing molecules having the
same size, same structure and similar electro-activity are considered to be an important
parameter, Superior response towards specific analyte may be due to molecular

imprinting which was generated by key and lock mechanism.

2.3.4.4 Selectivity analysis of sensor

Selectivity analysis is a characteristic feature of bulk imprinting polymer; this is the
reason this technique is applied to impart selectivity to polymer towards the template

molecules. The cavities synthesized after the removal analyte are complementary to the
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imprinting species in size, shape and coordination geometries which leads to substantial
selectivity of fabricated sensor. The sensor selectivity response demonstrates whether
a fabricated sensor is suitable for the sample, in which number of competing molecules
with highly identical mass, structure and chemical properties are present along with the
analyte of interest. Therefore, it is important to analyze if the sensor is selective for the
molecule of interest or not.

Polystyrene based molecular imprinted glucose sensor was exposed to the complex
mixture of different molecules which are also present in blood such as amino acid,
lipids, globulin, fibrinogen, defense compounds such as lysozymes (polysaccharide),
urea, uric acid, glycerol and an anti-coagulant heparin. It shows the highly selective and
sensitive behavior against these competing molecules. There was no marked difference
between the results obtained by different concentrations of analyte and complex
mixture (blood). Furthermore, the selectivity behavior of glucose sensor was assessed
by exposing the sensor towards the different competing agents which have almost
identical molecular mass or similar number of carbon chain or functionalities i.e.

maltose, sucrose, n-hexane etc.
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Figure 2.30 : Selectivity of imprinted polystyrene based glucose sensor against different competing
molecules at 50 ppm.

The fabricated sensor showed the sensor signals of 393nF for MIP and 1171 nF for GO-

MIP composite. Graphene composite based sensor was observed as highly sensitive

Fabrication of Molecular Imprinted Polymer based Sensors for the Detection of Mono and Disaccharides

59



A

"

Chapter 2 Fabrication of Molecularly Imprinted Polymers and Nanocomposite based
Sensors for the Detection of Glucose

and selective for the interfering molecules, 5 nF, 5 nF 6 nF and 3 nF towards glucose,
maltose, sucrose and n-hexane respectively. The glucose and maltose both are
monosaccharide but differ in their structures but the sensor signal of sensor towards
glucose is higher by the factor of almost 234 while n-hexane with similar number of
carbon atoms differ by factor of 390. On the other hand, sucrose being disaccharide
with double number of carbon atoms have negligible influence on the sensor signals. It
could be clearly seen from the figure 2.30 that the sensor is highly selective for glucose

and shows many folds more selective signals as compared to other competing species.
2.3.45 Reproducibility, stability and reusability

To further investigate the repeatability and long term stability of a graphene oxide based
sensor, the sensor sensitivity profile was assessed every three months for a period of
six months by exposing the sensor to similar concentration of glucose as shown by
figure 2.31 (a). The obtained relative standard deviation (RSD) of 0.32 % signifies the
effective repeatability of 50ppm concentration with continuous usage. In addition, 99.5
% of sensor response was maintained which also indicate that glucose GO/MIP based

sensor possesses excellent repeatability and reproducibility.

woed------

Fabrication of Molecular Imprinted Polymer based Sensors for the Detection of Moo and Disaccharides

60



ted

Chapter 2 Fabrication of Molecularly Imprinted Polymers and Nanocomposite based
Sensors for the Detection of Glucose

ne---

1000 §-

Semsoe Respoure (aF)
-4

a4
0
At [abricatios time

2 3
Time (month)

Figure 2.31: (a) Reproducibility and reusability of three polystyrene based glucose sensors prepared in
the same manner (b} Stability profile of gtucose sensor over the period of six months,

The sensitivity response of these different electrochemical sensors was estimated with
50 ppm concentration of glucose. The calculated relative standard deviation of 0.18 %
indicated that the reproducibility response of currently designed sensors was not

significantly different as can be seen in figure 2.31 (b).

2.4 Comparison of sensor receptors (imprinted vinyl

pyrolidone, methacrylic acid, urethane and styrene)

Different molecularly imprinted polymer systems such as polyvinyl pyrolidone,
polyacrylic acid, polyurethane and polystyrene were fabricated and used as sensor
receptors to enhance the sensor efficiency. NVP as monomer showed lower sensor
response which might be due to insufficient incorporation tendency of template
molecules in NVP system that results in less number of cavities present on the bulk of
polymer matrix. Methacrylic acid exhibited efficient imprinting using MAA monomer,
had a strong influence on adsorption of the template used to prepare hydrophobic
polymer matrix. When template is a polyhydroxy molecule, then there might be the

possibility of stronger hydrogen bonding interactions with methacrylic acid as
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monomer, a major reason for the increased sensor response. Polyurethane system was
also assessed to enhance the sensor signals. Polyurethane as monomer has proton donor
groups (N-H or O-H) as well as the lone pair donor groups (C=0). The proton donor
group in this polymer matrix may interact with template molecule by forming H-
bonding with electron donor groups (C=0). while the electron pair donor groups of
polymer as well as template may interact with each other and enhances the sensor
signals.

The highest sensor response was noted with polystyrene based system as shown in
figure 2.32. On the basis of the polystyrene structure and functionalities it might be
assumed that cavities generated in polystyrene system are more stable due to stronger
interactions between template and polystyrene than other monomers. The stability of
styrene system based polymer might be higher due to the aromatic nature of benzene
ring present in styrene. The sensor response of GO-MIP composite based sensor was
found ~3 folds higher than simple MIPs of styrene due to the excellent mechanical and

electrical properties of functionalized graphene.
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Figure 2.32: Comparison of different systems used for the detection of glucose at different
concentrations.

Due to the hydrophobic nature of styrene, it may impart an important role in polymer

synthesis to form an imprinted polymer of glucose where it could be helpful to
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specifically fix and co-ordinate with the cross-linker i.e. EGDMA. It thus induces the
geometric key and lock geometry of imprinted polymer which enables the polymer
matrix for selective adsorption of templated molecule. It is also of substantial
importance from the above mentioned results that polystyrene based polymer showed
the higher sensor effect as compared to other monomers because of its aromaticity and
functionality. Table 2.1 shows the results of different polymer systems discussed in

chapter 2.

Table 2.1: Comparison of results with previous reported literature.

Analyte | Detection Technique Range of Reproducibility | Reference
method detection (RSD)
Glucose Non- Cyclic 1 pM-25 mM 5% (Cho, Noh et al.
enzymatic voltammetry 2018)
cv)
Glucose Non- Electrosensor 0.5-4.4 mM <6 % (Farid, Goudini et al.
enzymatic cyclic 2016)
voltammetry
Glucose Non- Cyclic 0.1-6 mM 1.8 % (Alexander,
enzymatic voltammetry (95.5 % RSR) Baraneedharan et al.
(CV) 2017)
Glucose Non- CV and 0.8-4 mM 14.57 % (Wu, Tian et al.
enzymatic Electrochemical (84.11 % RSR) 2019)
impedance
spectroscopy
(EIS)
Glucose Non- CV and 50-600 uM 27 % (Zheng, Wu et al.
enzymatic Electrochemical (87.8 % RSR) 2018)
impedance
spectroscopy
(EIS)
Glucose Non- CvV 1-15 mM 2.29% (Xu, Niu et al. 2018)
enzymatic (96.93 % RSR)
Glucose Non- Conductance 136 ppb-500 1.5% (98.4 % Present work
enzymatic ppm RSR)
(NVP as (~2 seconds)
monomer)
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Glucose Non- Conductance 115 ppb-500 1.38 % Present work
enzymatic ppm (98.8 % RSR)
(MAA as (~2 seconds)
monomer)
Glucose Non- Conductance 71 ppb-500 1.36 % Present work
enzymatic ppm (98.3 % RSR)
(DPDI as (~2 seconds)
monotmner)
Glucose Non- Conductance 15 ppb-590 - Present work
enzymatic ppm
(styrene as (~2 seconds)
monomer)
Glucose Non- Conductance 6 ppb-600 0.32% Present work
enzymatic ppm (99.5 % RSR)
(Styrene + (~2 sec)
GO as
monomer)

2.5 Conclusion

In this chapter, MIPs and their composites have been synthesized using different
monomers and the measured sensor responses of n-VP, MAA, urethane and styrene
imprinted polymer systems were in the following order: n-VP <MAA <PU < Styrene.
The surface morphology of styrene based glucose imprinted receptors depicts the
uniform generation template identical cavities as compared to other polymers.
Furthermore, to enhance the sensor response, graphene oxide composites of styrene
based receptors were synthesized. It was found that graphene oxide based sensor
responses are many folds higher as compared to that of imprinted polymers. We can
conclude that styrene system is most suitable for the imprinting of glucose and bears
high sensitivity and selectivity. While the composite of imprinted polystyrene with
functionalized graphene induces higher incorporation and moieties for the template
molecules and produced substantial higher sensor response. Hence the sensitivity,
selectivity, limit of detection and stability of the fabricated sensor is improved by using
MIPs-GO composite and it can have potential technological applications in field of

chemical sensors and material science.
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3 Chapter 3 FABRICATION OF MOLECULARLY
IMPRINTED POLYMERS AND
NANOCOMPOSITE BASED SENSORS FOR
THE DETECTION OF FRUCTOSE
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3.1 Introduction

Fructose, a monosaccharide that is naturally present in fruits, vegetables and other foods
e.g. honey, sugar cane, beet root etc. Fructose was discovered by a French Chemist;
Augustin Pierre Dubruntfaut in 1947 and is also known as ketose that mostly crystalizes
as P-fructopyranose possess five hydroxyls as hydrogen bond acceptor and six
hydrogen bond donors as shown in figure 3.1. Due to its sweetness and low cost,
glucose syrup is termed as high fructose corn syrup (HFCS). Since 1970s, it was used
for synthetic products in which liquid sugar was required and 42 % fructose was used
on the first generation of HFCS. The second generation was developed in 1976, fructose
percentage was between 55 % and 90 % of the compounds (Carvalho, Souza et al.

2018).
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Figure 3.1: 3D structure of Fructose (HBA = Hydrogen bond acceptor, HBD = Hydrogen bond donor)

Since 1960s, fructose intake is increasing fastly and presently, individual intake is
assessed to be 50 to 70 g of fructose daily accounting for 10 to 15 % of the total dietary
caloric intake. High consumption of fructose is resulted in severe public health issues
such as several metabolic disorders, including obesity, non-alcoholic fatty liver disease,
and cardiovascular diseases (Villegas, Rivard et al. 2018). Therefore, rapid and efficient
quantification of fructose in urine and blood is of great importance from diagnostic
point of view for the diagnosis of different diseases related to blood and urine fructose
level in body. Numerous methods are in practice for the detection of fructose in diet,

beverages, urine and blood namely; chromatography (Kirchert and Morlock 2018),
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spectrophotometry (de Souza Costa, de Paula et al. 2019), surface enhanced raman
scattering (Perumal, Balasundaram et al. 2015), colorimetry (Xiong, Zhang et al. 2015,
Liu, He et al. 2016) and electrochemical methods (Barman, Hossain et al. 2018; Dhara
and Mahapatra 2018, He, Tian et al. 2018). These methods are complicated, costly and
involve several steps during sample preparation and analysis therefore, among these
methods, electrochemical sensor become more popular owing to its fast response, high
sensitivity, easy operation, portability and due to miniature size. Sensor receptors play
key role for the selective detection of analyte of interest and molecular imprinted
polymer (MIPs) owning high sensitivity and selectivity (Kubo, Tachibana et al. 2018)
properties, are of great worth due to high stability, specificity and reusability. Molecular
imprinted polymer based electrochemical sensors (MIECS), a combination of
molecular imprinted technique (MIT) and electrochemical sensors which are widely
favored in chemistry field (Zheng, Wu et al. 2018). In this chapter, different MIPs based
electrochemical sensors were fabricated by using n-vinyl pyrolidone (VP), urethane
(DPDI), methacrylate (MAA) and styrene (Sty) polymer systems as sensor receptors
and their sensitivity, selectivity, response time, stability, LoD, regeneratability etc. were
assessed at room temperature and pressure conditions by exposing to various
concentrations of fructose and other competing agents. Furthermore, composite of most
suitable imprinted polymer system (acrylate system) with functionalized graphene was

also synthesized to achieve the high sensitivity of fabricated sensor.
3.2 Experimental section

3.2.1 Chemicals and materials

Glucose (99.5 %), sucrose (99 %), maltose (99 %), fructose (99 %), dimethyl
sulphoxide (DMSO, 99.7 %), n-vinyl pyrolidone (99 %), 4,
4"diphenylmethanediioscyanate (DPDI; 98 %), phloroglucinol (PG; 99 %), bisphenol
A (BPA; >99 %), chloroform, methacrylic acid (MAA; 99 %), styrene and 2,2'-
azobisisobutyronitrile (AIBN; 99 %) and ethylene glycol dimethacrylate (EGDMA; 98
%), acetone (> 99 %), methanol (99.8 %, anhydrous), ethanol (99.8 %, anhydrous) were

purchased from Merck and Sigma Aldrich with the maximum available purity.
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3.2.2 Synthesis of n-vinyl pyrolidone based molecularly imprinted
polymer (VP-MIP)

Poly(vinylpyrolidone) MIP was synthesized by adding 3.1x10* mM of Vinyl

pyrolidone, 3.3x10* mM of EGDMA were mixed into an eppendorf having 500 pL (4

mmole fructose solution in DMSO) of fructose solution. After homogenizing 4 mg of

AIBN was added to above mixture and vortex. The resultant solution was heated to 60

°C for 45 minutes in water bath till a transparent gel point was attained.
3.2.3 Synthesis of non-imprinted polymer (NVP-NIP)

NVP-NIP was prepared without adding template (fructose) molecule in the same way
as MIP was synthesized. Fructose NIP was synthesized by adding 3.3x10* mM of
Vinyl pyrolidone, 3.3x10* mM of EGDMA were mixed into an eppendorf having 500
pL DMSO. After homogenizing 4 mg of AIBN was added and vortex the above
mixture. The resultant solution was heated to 60 °C for 45 minutes in water bath till a

transparent gel point was attained.

3.2.4 Synthesis of polyurethane based molecularly imprinted polymer
(PU-MIP)
Polyurethane based maltose imprinted receptors were synthesized using 40 to 60 ratio
between monomer and cross-linker. Urethane based receptors were synthesized by
1.9x10® mM of phloroglucinol (PG), 8 x10* mM of bisphenol A and 3.6x10"* mM of
DPDI was vortexed in 1 mL of DMSO. Fructose (2 mmole) was added and
homogenized by vortex. The resultant solution was heated for 30 minutes at 45 °C in
water bath till gel point was obtained which indicated the synthesis of maltose imprinted

polymer.

3.2.5 Synthesis of non-imprinted polymer (PU-NIP)

PU-NIP was also prepared in the same way without adding fructose as template
molecule. Polyurethane based maltose imprinted receptors were synthesized using 40
to 60 ratio between monomer and cross-linker. Urethane based receptors were
synthesized by 1.9x10* mM of phloroglucinol (PG), 8 x10* mM of bisphenol A and
3.6x10° mM of DPDI was vortexed in 1 mL of DMSO and homogenized by vortex.

Fabrication of Molecular Imprinted Polymer based Sensors for the Detection of Mono and Disaccharides

68



1

7

Chapter 3 Fabrication of Molecularly Imprinted Polymers and Nanocomposite based
Sensors for the Detection of Fructose

The resultant solution was heated for 30 minutes at 45 °C in water bath till gel point

was obtained which indicated the synthesis of maltose imprinted polymer.

3.2.5 Synthesis of styrene based imprinted polymer (PS-MIP)

Styrene Styrene (3.4 x10* mM), 3.3x10* mM of ethylene glycol dimethacrylate
(EGDMA), 2 mg of AIBN as free radical initiator were mixed into an eppendorf tube.
To the above solution, 500 uL of dimethyl sulfoxide (DMSO) as solvent and 2 mg of
fructose (2 mM) were added and homogenized by vortex. Then mixture was

polymerized into water bath at 70 °C for 45 minutes till transparent gel point is reached.
3.2.6 Synthesis of non-imprinted polymer (PS-NIP)

Non-imprinted polymer (reference) was also synthesized exactly in the same way
without adding template (fructose). Styrene (3.4 x10* mM), 3.3x10* mM of ethylene
glycol dimethacrylate (EGDMA), 2 mg of AIBN as free radical initiator were mixed
into an eppendorf tube. To the above solution, 500 uL of dimethyl sulfoxide (DMSO)
as solvent and homogenized by vortex. Then mixture was polymerized into water bath

at 70 °C for 45 minutes till transparent gel point is reached.

3.2.7 Synthesis of methacrylic acid based molecularly imprinted
polymer (MAA-MIP)

Imprinted polymer was synthesized by mixing 4.1x10* mM of methacrylic acid

(MAA) as functional monomer, 3.3x10* mM of EGDMA as cross linker, 4 mg of

AIBN as free radical initiator and 500 pL. of DMSO as solvent. Fructose (2 mM) was

added to the above mixture as template. The mixture was vortex for 5 minutes to

homogenize and then place in water bath at 60 °C for 45 minutes to polymerize.

3.2.8 Synthesis of non-imprinted polymer (MAA-NIP)

MAA-NIP was also prepared in the same way without adding template (fructose)
molecule same as above mentioned. Imprinted polymer was synthesized by mixing
4.1x10* mM of methacrylic acid (MAA) as functional monomer, 3.3x10 of EGDMA
as cross linker, 4 mg of AIBN as free radical initiator and 500 pL. of DMSO as solvent.
The mixture was vortex for 5 minutes to homogenize and then place in water bath at 60

°C for 45 minutes to polymerize.

Fabrication of Molecular Imprinted Polymer based Sensors for the Detection of Mono and Disaccharides

69



%

Chapter 3 Fabrication of Molecularly Imprinted Polymers and Nanocomposite based
Sensors for the Detection of Fructose

3.2.9 Synthesis of methacrylic acid graphene oxide based molecularly
imprinted composite (MAA-GO-MIP)

Graphene oxide composite of molecularly imprinted methacrylic acid was synthesized

by adding 0.5 mg of graphene oxide in 600 ul of imprinted MAA and a suspension of

composite was prepared by sonication.

3.2.10 Immobilization of receptors (MIPs, NIPs and Composite) onto
IDEs

Interdigital electrode (IDE) with electrodes spacing (1= 0.5 and number of fingers=18)
was used as transducing surface for sensor measurements. IDEs were cleaned by
washing with de-ionized water followed by methanol. 15 uL of imprinted polymer
(MIP) was coated onto IDEs by spin coating at a speed of 2500 rpm as shown in figure
2.2. The IDEs were dried in an oven overnight to achieve dry and compact polymer

thin film.
3.2.11 Removal of template from MIPs

To remove the template molecule (fructose) from imprinted polymeric matrix, IDEs
were washed with deionized water with continuous stirring for 90 minutes by using
magnetic stirrer at room temperature. After washing out the template molecules from

polymer thin films, template size identical cavities were achieved.

3.2.12 Characterization of receptors with fourier transform infra-red
(FTIR)

FTIR spectra of thin films of all molecular imprinted polymers (MIPs), non-imprinted
polymer (NIPs) and graphene oxide based composite (GO-composite) were recorded
by using Shimdazu-1800 S FTIR in the range of 4000-500 cm™'.

3.2.13 Characterization of receptors with scanning electron
microscope (SEM)

SEM images of receptor’s thin films were attained by scanning electron microscope

(LEO DSM 892Gemini) equipped with energy dispersed X-ray EDX analyzer.
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3.2.14 Differential thermal and thermogravimetric (DTA/TGA)
analysis of receptors

Differential thermal and thermogravimetric analysis was carried out by using STA
PT1000 TG-DSC (STA Simultaneous Thermal Analysis) STA (TGDSC/DTA)
Thermogravimetric Analyzer (Linseis Thermal Analysis, Gemmany) with detector
DTG-60 H (detector serial number C30574700276TK) at a heating rate of 10 °C/min

under air atmosphere. The temperature range was fixed from 0 °C to 600 °C.

3.3 Results and Discussions

3.3.1 Characterization and sensor measurements of n-vinyl
pyrolidone system based receptors

3.3.1.1 Characterization of synthesized receptors by FTIR spectroscopy and
scanning electron microscope

To study the functional group modification of receptor thin films, FTIR analysis of MIP

(molecular imprinted-VP) based receptors was performed as shown in figure 3.2. FTIR

spectra was found in the range from 700-3700 cm'! and major peaks in spectra

confirmed that MIP receptors of fructose were synthesized by free radical

polymerization of EGDMA and VP.
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Figure 3.2: FT-IR spectra of imprinted polyvinyl pyrolidone based fructose sensor.
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In imprinted-VP spectra, the characteristic peak occurs at 2980 cm™' due to stretching
of sp* CH and stretching of C-O was found at 1160 cm™. The peaks obtained at 1600
cm! and 1425 cm™! are due to C=N, C=C corresponded to stretching of pyridine group

present in n-vinylpyrolidone.

Figure 3.3: SEM images of (a) NIP and (b) MIP of polyvinyl pyrolidone based fructose receptors.

To assess the surface morphology of thin films of imprinted and non-imprinted
receptors, scanning electron microscope was used. For this purpose, thin films of the
MIPs and NIPs were generated onto a glassy substrate and the SEM images of MIPs
and NIPs are shown in figure 3.3. A homogeneous, porous and rough morphology with
uniform distribution can be observed from the topographical view of MIPs images.
These images showed that both NIP and MIP have different morphology due to the
presence and absence of template molecule. Different morphology of both MIP and

NIP indicated the successful polymerization of polymers.

3.3.1.2 Sensitivity measurements of fabricated sensor

After coating of fructose imprinted polymer onto [DEs and washing to generate cavities
within polymeric matrix, the sensor was exposed to various concentrations (0, 1, 5, 10,

20, 30, 40 and 50 ppm) of fructose to assess its sensitivity profile.
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Figure 3.4: {a) Sensitivity response of NIP and MIP of polyvinyl pyrolidone based fructose sensor at
different concentration {0-50 ppm) and (b) Linear regression analysis of fructose sensor,

After washing the sensor with water, its response again reaches to its initial value which
means the sensor shows complete reversibility and regeneratability. While the sensor
possesses the lower limit of detection (LoD) of 300 ppb towards the fructose. At 0 ppm,
the observed capacitance was 0 and at 1 ppm, 5 ppm, 10 ppm, 20 ppm, 30 ppm, 40 ppm
and 50 ppm of maltose the sensor responses of 5 nF, 28 nF, 41 nF, 75 nF, 109 nF, 131
nF and 156 nF have been observed respectively. The obtained electrochemical results
demonstrated that newly fabricated sensor was highly sensitive even at very low
concentration of 1 ppm as shown in figure 3.4 (a). The NIP was also exposed to the
same concentrations of analyte and sensor signals were found very less. The linearity
of sensor was assessed by linear regression analysis of obtained sensor responses at
different concentrations of analyte (0-50 ppm) with range of detection ~300 ppb to 500
ppm and the sensor showed linear response with a linear co-efficient of regression (R?)
of value (.99 as can be seen in figure 3.4 (b).
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Figure 3.5: The extraction and rebinding of template from p-vinylpyrolidone based imprinted polymer.

The non-covalent interactions between the template molecules and polymeric matrix
may be on the basis of interaction between functional monomer and fructose, the OH
group present on fructose interact with carbonyl group of n-vinyl pyrolidone while
EGDMA provides support for polymerization to generate cavities within polymer
matrix. The possible interactions between template molecules and polymer matrix can
be seen in figure 3.5 where dipole-dipole force and hydrogen bonding cause the

interaction between template molecule and imprinted cavitics.

3.3.1.3 Selectivity analysis of sensor

Selectivity is a fundamental parameter of chemical sensor for the detection of analyte
of interest. Sclectivity response of fructose sensor was checked against different
competing molecules such as glucose, maltose, sucrose and n-hexane at 5¢ ppm
concentration of each as can be seen in figure 3.6. The cavities present in MIPs bear
structural resemblance with fructose molecules thus showed highest affinities towards

fructose due to key-lock phenomenon as compared to other competing species.
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Figure 3.6 : Selectivity analysis of n-vinyl pyrolidone based fructose sensor against different competing
molecules at 50 ppm.

While the other competing species have no structural and 3-dimensional resemblance
with cavities present in sensor receptors therefore these molecules were unable to fit-in
MIPs cavities. It showed that fabricated sensor is highly selective towards template
molecule as compared to other competing species. The sensor response showed by
fructose is higher by the factor of 13 as compared to glucose while both have the similar
number carbon atoms and their molecular weight is also same. Glucose and fructose
differ only in their structure and the spatial arrangements of functional groups and this
substantial difference between the sensor responses against both confirm the governing
of key-lock rule exhibit by molecular imprinted polymers. In the case of maltose and
sucrose, sensor response is 16 folds lower due to the structural difference and
conductivity of interfering molecules. Sucrose and maltose are bulky molecules than
fructose because these are the disaccharides. Fructose sensor also has high selectivity
co-efficient as compare to n-hexane which is attributed by structural resemblance.
Hexane molecules may also be entrapped in the selective cavities of template i.e.

fructose due to its smaller size.
3.3.1.4 Reproducibility, reusability and stability

An ideal sensor must be reproducible, highly stable and reusable for pharmaceutical

and food industries. Reproducibility of a fabricated sensor is determined by measuring
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the sensor response repeated under same experimental conditions while at different

time.
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Figure 3.7: {a) Reproducibility and reusability of three vinyl pyrolidone based sensors prepared in the
same manner (b) Stability profile of sensor over the period of six months.

Stability of a sensor is a parameter that measures the reproducibility of a fabricated
device measurements after long use. Reproducibility and stability are the most
important parameters for chemical sensor practical applications. The regeneratability
and reproducibility was also checked for the fructose sensor. To assess reproducibility,
three different sensors were developed by using the same procedure and exposed them

to 50 ppm concentration of analyte (fructose). At different time, three different sensors
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showed different response under same experimental conditions as depicted in figure 3.7
(a).

These observations confirmed the regeneratability and reproducibility of proposed
glucose sensor by 2 % RSD value (n= 6) with retained sensor response of 97 %
indicating that MIP based fructose sensor possesses excellent stability, reproducibility
and regeneratability. Furthermore, the stability of six different fructose imprinted
sensors was checked using relative standard deviation of conductance (nF). At zero
month, the sensor signals were 156 nF, after one month, sensor showed signals of 154nF
whereas after two months, it was 153 nF, for third and fourth months, sensor signals
were 152 and 150 nF, at fifth months, the noted sensor signals were 147 nF as shown
in figure 3.7 (b). After six months, these observations confirmed the stability of
fabricated fructose sensor by 2 % RSD value (n=6) and maintained sensor response

upto 96 %.

3.3.2 Characterization and sensor measurements of urethane system
based receptors

3.3.2.1 Characterization of synthesized receptors by FTIR spectroscopy and
scanning electron microscope

To study the functional group changes of receptor thin films, FTIR analysis in ATR
mode was performed. FTIR spectra of imprinted and non-imprinted thin films were
examined to find out the structural changes in molecular interactions between the
heteroatoms present in polyurethane and template molecule (fructose).

In this polymer matrix, N-H characteristic absorption peak was found at 3328 cm™' due
to the presence of hydrogen bond in the urethane linkage and urea groups. Carbonyl
group showed stretching vibrations at 1726 cm™'. The stretching vibrations of ester
(C(0)-C) was present at 1126 cm™'. The carbonyl peak (C=0) around 1700 cm™! due to

ester-polyols and urethane as shown in figure 3.8.
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Figure 3.8; FTIR spectra of imptinted and non-imprinted polyurethane based fructose receptors.

To study the surface morphology, scanning electron microscope (SEM) was used. For
this purpose, synthesized receptors were coated onto the glassy medium to achieve the
thin films of MIPs and NIPs. NIP particles showed different size with surface
roughness. However, MIP had porous surface with cloud appearance as shown in figure
3.9.

Figure 3.9: SEM images of (a) NIP and (b) MIP of polyurethane based fructose receptors.

This process confirms that the template molecule plays an important role in the
synthesis of imprinted polymer by free radical polymerization. In this method, synthesis
of NIP without template, the monomer forms dimers due to intermolecular hydrogen

bond. However, in case of MIP, there is an additional molecular interaction between
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monomer and template specie i.e. fructose which might increase the growth of cross-

linked polymer.

3.3.2.2 Sensitivity analysis of fabricated sensor

The conductance of sensitive layer coated onto the transducer surface (IDE) was
measured by exposing it against different concentrations of analyte (fructose). IDEs
were dipped into different ppm solutions, attached to LCR meter and measurements
were carried out at 20 Hz in AC mode. At concentration of 1 ppm, the sensor response
was 14 nF which increases with increasing the concentration of analyte. At 1 ppm, 5
ppm, 10 ppm, 20 ppm, 30 ppm, 40 ppm and 50 ppm, the sensor showed a response of
14 nF, 57 oF, 108 nF, 179 nF, 221 nF, 289 nF and 340 nF respectively with lower
detection limit (LoD) ~107 ppb. It is revealed in figure 3.10 (a) that by increasing the
concentration of analyte, fabricated sensor showed higher sensor response due to
molecular imprinting. By increasing the concentration of analyte response was

increased which mean that response is linear and its saturation point is 520 ppm.
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Figure 3.10: Sensitivity response of MIP and NIP of polyurethane based fructose receptors at different
concentrations {0-50 ppm) and (a) Linear regression analysis of fructose sensor.

Fabrication of Molecular Imprinted Polymer based Sensors for the Detection of Mono and Disaccharides

79



"

Chapter 3 Fabrication of Molecularly [mprinted Polymers and Nanocomposite based
Sensors for the Detection of Fructose

On the other hand, reference electrode shows negligible response at all the respective
concentration of fructose. The sensitivity and selectivity of molecular imprinted
polymer can be increased by increasing the number of binding sites. The non-covalent
interactions between the template molecules (fructose) and polymeric matrix may base
on the interaction of crosslinking agent and fructose molecules and the OH group
present in fructose interact with NH-CO group of DPDI while the Bisphenol A provides
support in form of polymerization to generate cavitics within polymer matrix. The
fabricated sensor exhibits an excellent reversibility when subjected to zero
concentration of fructose solution. By increasing the concentration of analyte, sensor
response was increased which mean that response is linear with linear regression co-
efficient (R?) value of 0.99 as shown in figure 3.10 (b).

The possible interactions between template molecules and polymer matrix can be seen
in figure 3.11 where dipole-dipole force and hydrogen bonding (between N-H group of
DPDI and -OH group of fructose) cause the interaction between template molecule and

imprinted cavities.
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Figure 3.11: The extraction and rebinding of template from urethane based fructose receptors.

3.3.2.3 Selectivity analysis of sensor

Selectivity of sensor can be measured by exposing the sensor to different interfering

species of same concentration against template molecuie. Although the polymer was
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not prepared for structurally related competing molecules but their sensing was checked
with imprinted membrane prepared for fructose. Sensor showed response towards
competing species but the response of template was higher than other molecules.
Selectivity response was checked against different competing molecules i.e. glucose,
maltose, sucrose and n-hexane. Fructose shows 23 times higher sensor signals than
glucose and furthermore, maltose and sucrose show 28 times less response as compared
to fructose. n-Hexane also gives the least response than the above mentioned interfering
species. From figure 3.12, we can see that there was a drastic change in the selectivity
of the MIP film in comparison to other interfering molecules at the same concentration
as fructose. The study of selectivity of fructose and remaining interfering species is due
to possible interactions exhibits negligible influence on fructose detection. This
selective response is because of existence of active sites on the MIP surface, layer,
which identify the fructose template molecules via spatial structure complementation

and group interaction.

Sensor Reaponse (nF)

Figure 3.12: Selectivity analysis of polyurethane based fructose sensor against different competing
molecules at 50 ppm.

The results concluded that fructose sensor bears high selectivity for fructose
determination. Sensor showed high response towards template in the presence of other
competing species with same molecular geometry conforming that molecular imprinted

polymer is highly selective towards target molecule.
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3.3.2.4 Reproducibility, reusability and stability

In the case of reproducibility, three different sensors were developed by following the

same method and exposed to the fixed concentration of template molecule.
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Figure 3.13: (a) Reproducibility and regeneratability of three sensors prepared in the same manner (b)
Stability of sensor over the period of six months.

After measuring the sensor response of these fabricated sensors, relative standard
deviation (RSD) value was found io be 0.17 %. These sensors were also stored at room
temperature and pressure and retained 99.5 % of its initial sensor response after six

months indicating that MIP based fructose sensors possess an excellent regeneratability
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and reproducibility. To investigate the stability of fabricated fructose sensor, six
replicative measurements were performed using the same sensor for six months.

For stability, the fabricated sensor was stored at room temperature and pressure for a
period of six months and sensor response was measured afier every month and
calculated RSD value was 0.98 % with retained sensor response of 98.9 % as shown in
figure 3.13 (b).

3.3.3 Characterization and sensor measurements of styrene system
based receptors

3.3.3.1 Characterization of synthesized receptors by FTIR spectroscopy and
scanning electror microscope
To understand the functional group changes in the structure of NIP and MIPs, FTIR

analysis (ATR mode) was performed.
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Figure 3.14 : FTIR spectra of MIP and NIPs of polystyrene based fructose receptors,

FTIR spectra for polystyrene system was observed in the range from 600-4000 cm'.
The characteristic peak at 900-1100 ¢m™' indicates the presence of glucose in case of
both MIP and GO-MIP whereas absence of this peak in NIP spectra confirms the
removal of glucose. The absorption peak at 3000-3400 cm™' was attributed to stretching
vibrations of -OH of glucose and confirms the hydrogen bond formation which is

absent in NIP. The peak at 2800-2900 cm! were assigned to the sp? (CH) aromatic
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rings. By comparing the peaks present with MIP and GO-MIP, were found absent in
NIP.

The surface morphology of generated MIPs thin films was assessed by scanning
electron microscopy (SEM) and microscopic images of the molecular imprinted

polymer and non-imprinted polymer (NIPs) showed in figure 3.15.

B

Figure 3.15: SEM images of (a) NIP and (b) MIPs of polystyrene based fructose receptors.

After the extraction of template (fructose) molecules by washing with water which
leads to the creation of the template identical moieties within the styrene based
polymeric matrices. The micrographs of SEM showed that micro and nanostructures
have been produced in the imprinted polymer surface due the removal of template
observed in the micrographs of non-imprinted polymer which indicates the surface
changes of polymer surface during template molecules removal from polymer matrix
molecules and porogenic effect during polymerization while such a structures have not

been seen in NIP.

3.3.3.2 Sensitivity analysis of fabricated sensor

To assess the sensor response towards template molecule, the fabricated sensor was
exposed to various concentrations of fructose solution and sensor response was
observed by measuring capacitance with the help of high precision LCR meter (IET
7600 Plus precision LCR meter). The sensor behavior towards the various

concentration of fructose in aqueous solution has been shown in figure 3.16 (a). At
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concentration of 1ppm, the sensor response was 26 nF which increases with increasing
the concentration of analyte. At 1 ppm, 5 ppm, 10 ppm, 20 ppm, 30 ppm, 40 ppm and
50 ppm, the sensor showed a response of 16 nF, 58 nF, 108 nF, 183 nF, 367 nF, 336 nF
and 417 nF respectively with lower detection limit (LoD) ~96 ppb. It is revealed in
figure 3.16 (a) that by increasing the concentration of the analyte, the fabricated sensor
showed a higher sensor response due to molecular imprinting with a saturation point of
500ppm. The capacitance of MIPs thin film varies with the variation of incorporation
of fructose molecules into recognition sites. Thus, conductance of the MIPs layer is
directly related with the incorporated template molecule concentration within the
polymeric matrix. Styrene as monomer is hydrophobic in nature with no particular

specialty and the role it may assist in the formation of glucose imprinted polymer.
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Figure 3.16: (a) Sensitivity response of MIP and NIP of polystyrene based fructose recepiors at
different concentrations (0-50 ppm) and {a) Linear regression analysis of fructose sensor.

The fabricated sensor exhibits an excellent reversibility when subjected to zero
concentration of fructose solution. By increasing the concentration of analyte, sensor
response was increased which mean that response is linear with linear regression co-
efficient (R?) value of 0.99 as shown in figure 3.16 (b). The response of non-imprinted

(NIP) polymer was very low at the same concentrations of template (fructose) molecule
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and significant difference of sensor response between MIPs coated IDE and NIPs
coated IDE is because of availability im pr_inted cavities/selective molecular imprints on
the surface of imprinted polymer based receptors. While the behavior of sensor with
NIPs as recognition materials is not influenced by the change in concentration, The
non-covalent interactions between the template molecules and polymeric matrix may
base on the interaction of crosslinking agent and fructose molecules and the OH group
present fructose interact with -CH of styrene while EGDMA provides the support in
polymerization to generate cavities within polymer matrix. The possible interactions
between template molecules and polymer matrix where weak dipole-dipole force and

hydrogen bonding cause the interaction between template molecule and imprinted

cavities.
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Figure 3.17: The extraction and rebinding of template from polystyrene based fructose receptors.

The capacity of template molecule to differ from other competing molecules is an
essential factor for the designing of an electrochemical sensor, Superior sensor response
towards specific analyte may be due to molecular imprinting which was based on key

and lock mechanism shown in figure 3.17.

3.3.3.3 Selectivity analysis of sensor

Selectivity analysis is a characteristic feature of bulk imprinting polymer strategies

which is why this technique is applied to impart selectivity to polymer towards the
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template molecules. The moieties formed after extractions of the template molecules
are complementary identical to the imprinting species in size, shape and coordination
geometries which leads to substantial selectivity of fabricated sensor. The sensor
selectivity response demonstrates whether a fabricated sensor is suitable for the sample,
in which number of competing molecules with highly identical mass, structure and
chemical properties are present along with the analyte of interest. Therefore, it is

important to analyze if the sensor is selective for the molecule of interest or not.
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Figure 3.18 : Selectivity analysis of fructose sensor against different competing molecules at 50ppm.
The selectivity behavior of fructose sensor was assessed by exposing the sensor towards
the different competing agents which have almost identical molecular mass or similar
number of carbon chain or functionalities i.e. glucose, maltose, sucrose, n-hexane etc.
The fabricated sensor showed the sensor signals of 416nF for MIP based sensor and
was observed as highly sensitive and selective for the interfering molecules, 10nF, 8nF,
5nF and 3nF towards glucose, maltose, sucrose and n-hexane respectively. The fructose
and glucose both are monosaccharide but differ in their structures and sensor signal
towards glucose is higher by the factor of almost 42 while n-hexane with similar
number of carbon atoms differ by factor of 138. On the other hand, sucrose being
disaccharide with double number of carbon atoms have negligible influence on the

sensor signals. It could be clearly seen from the figure 3.18 that the sensor is highly
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selective for fructose and shows many folds more selective signals as compared to other

competing species.

3.3.3.4 Reproducibility, reusability and stability,

To assess the reproducibility and reusability of fabricated sensor, three different
fructose sensors were synthesized thrice by following the same recipe. These fabricated
sensors were stored at room temperature and pressure for a period of three months and
their sensor response was measured by exposing them at 50 ppm concentration of

template molecule.
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Figure 3.19: (a) Reproducibility and reusability of three sensors prepared in the same manner {b)
Stability profile of sensor over the period of six months.

From these measurements, the calculated relative standard deviation of 0.15 %
indicated that the reproducibility response of currently designed sensors was not
significantly different as shown in figure 3.19 (a). It was found that 99.5 % of sensor
response was maintained which also indicated that MIP based fructose sensor possesses
excellent repeatability, regeneratability and reproducibility. To investigate the long
term stability of a sensor, the sensor sensitivity profile was assessed every month for a
penod of six months by exposing the fabricated sensor to 50 ppm concentration of
fructose as shown in figure 3.19. The obtained relative standard deviation (RSD) of 0.4
% signifies the effective repeatability of 5¢ ppm concentration with continuous usage
(figure 3,19 b).

3.3.4 Characterization and sensor measurements of methacrylic acid
based receptors

3.3.4.1 Characterization of synthesized receptors by FTIR spectroscopy and
scanning electron microscope

To analyze the functional group modification of imprinted polymer and graphene oxide

based receptors, FTIR analysis was performed in the range of 500-4000 cm™' as shown

in figure 3.20.
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Figure 3.20; FT-IR spectra of MIP and GO-MIPs composite based methacrylic acid based fructose
receplors.

FTIR spectra for acrylate based receptors was obtained in the range of 700-3900 cm
as shown in figure 3.20. Spectra of MAA and EGDMA showed —C=C stretching
frequency at 1650 cm™. The peaks at 1670-1515 cm™! are vibrational peaks indicating
C-H stretching and C-H bending of polymer chains. The characteristics peaks centered
at 1035-1149 cm! indicated the presence of polysaccharides in MIP. The absorption
peak at 3200-3400 cm™' was attributed to stretching vibrations of -OH of glucose. The
peak at 1702 cm™! shows the presence of ester group in the matrix and the other extra
peaks are attributed to free radicle polymerization.

To assess the surface morphology of NIP, MIPs and GO-MIPs composite, scanning
electron microscope was used and synthesized receptors were coated onto glass
substrate to achieve thin films. Microscopic images showed that NIPs have very smooth
surface while the images of MIPs showed high surface roughness due to the swelling

of polymer on the incorporation of template molecules within the polymeric matrix.
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Figure 3.21: SEM images of {a) NIP (b) MIPs and (c) GO-MIPs composite of methacrylic acid based
fructose receptors.

The SEM images also showed the microstructures in the imprinted polymer surface due
to the removal of template as shown in figure 3.21. Topographical difference was
observed in the imprinted polymer which indicated the surface changes during
pelymerization while such structures have not been seen in NIP, The SEM image of

GO-MIP composite exhibited the completely embedded microstructures,

3.34.2 Thermogravimetric and differential analysis (TGA/DTA)

The thermogravimetric and derivative analysis (TGA/DTA) of NIP, MIP and GO-MIP
composite were performed to assess the thermal stability at temperature range 0 °C to
600° C with a temperature change at rate of 10 °C/ minute. The initial weight loss of
NIP occurs between 18.34 °C — 322.86 °C is ~2.777/5.33 mg due to the loss of adsorbed
water and crystal water as shown in Figure 3.22 (a). The second stage starts from 322,86
°C and ends at 596.34 °C with a weight loss of -2.797/5.33 mg and total weight loss is
-2.777-2.797= -5.567 mg (-104.4 %). This weight loss contributes to the further
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decomposition of chemical bonds present in NIP. Figure 3.22 (b) shows the TGA/ DTA
curve of MIP in which temperature change starts from 15.99 °C and stopped at 58.09
°C with weight loss of -0.616/5.35 mg The next temperature shift starts from 59.55 °C
—~338.20 °C with loss of weight -3.451/5.35 mg. The third shift in temperature change
starts from 339.66 °C and ends at 596.67 °C.
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Figure 3.22 : TGA and DTA curves of (a)} NIP (b) MIPs and (¢) GO-MIPs composite of methacrylic
acid based fructose receptors.
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The total weight loss in MIP-TGA curve was -6.053/5.35 mg (-113.1 %). In this curve,
temperature changes from 35.37- 349.32 °C with weight loss of -4.288 mg whereas
second change ranges from 349.32 to 601.35 °C with loss of -1.141/ 5.36 mg. Overall
weight loss in this curve was -5.429/5.36 mg (-101.3 %) as shown in figure 3.22 (c).
These findings from TGA curves indicate that acrylate based polymers and their
composites are highly stable and can be used for the molecular imprinting of fructose

to generated highly selective receptor for sensing purposes.

3.3.4.3 Sensitivity analysis of fabricated sensor

After coating of fructose imprinted polymer onto IDEs and washing to generate cavities
within polymeric matrix, the sensor was exposed to various concentrations of fructose
to assess its sensitivity profile. The obtained electrochemical results demonstrate that
newly fabricated sensor was highly sensitive even at very low concentration of 1 ppm
as shown in figure 3.23 (a). At 0 ppm, the observed capacitance was 0 and as for 1 ppm,
5 ppm, 10 ppm, 20 ppm, 30 ppm, 40 ppm and 50 ppm, measured response was 19 nF,
48 nF, 90 nF, 188 nF, 330 nF, 489 nF and 626 nF respectively with the lowest limit of
detection ~60 ppb having the highest estimation point of 525 ppm. Non-imprinted
polymer was also exposed to the same concentrations of analyte and sensor signals were

very less as compared to sensor signals of MIPs.
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Figure 3.23 : (a) Sensitivity response of NIP and MIP of methacrylic acid based fructose sensor at
different concentration (0-50 ppm) (b) Linear regression analysis of fructose sensor.
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Figure 3.24: The extraction and rebinding of template from methacrylic acid based fructose receptors.
The linearity of sensor was assessed by linear regression analysis of obtained sensor
responses (0-50 ppm) and the sensor showed linear response with a linear co-efficient
of regression (R?) of value 0.99 as can be seen in figure 3.23 (b). The increase of

4

capacitance might be due to the -OH (hydroxyl) group present in fructose which was
trapped within the molecular cavities present in polymeric matrix coated onto IDEs.

It is important for the synthesis of an efficient molecular imprinted polymer that there
should be strong interactions between the functional monomer and analyte. The number
of hydrogen bond acceptor and hydrogen bond donor groups present in fructose which
has a vital role in the development of non-covalent interactions between fructose and
polymeric matrix as shown in figure 3.24. Another reason for the substantial sensor
signal changes of fructose imprinted acrylate polymer on exposing to fructose could be
that fructose is selectively adsorbed in the polymer matrix that produces the potential
change or greater in response with the increase in concentration even at very minute
change in concentration of fructose. Ideally sensor should be concentration dependent
and should be reversible. This newly fabricated sensor follows the same pattern and
upon increasing the concentration of template, conductance increases in a linear manner

which depicts the linear relation between template molecule and conductance. When
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the sensor was exposed to zero concentration of fructose after tacking sensor response
of each concentration, the sensor reaches its initial value which represents the reversible
and regeneratable behavior of the fabricated sensor. On the other hand, if we consider
the interactions between the template molecules and molecular binding sites within
MIPs which are absent in NIPs then the higher sensor response of MIPs can easily be
explained on the basis of molecular imprinting phenomenon. NIP does not show any
significant change in its response due to lack of binding capacity towards analyte.

To enhance the sensor performance and sensitivity of the sensor, optimizing the
structure of imprinted polymer was designed in such a way that recognition cavities
should be situated nearby and at the surface of polymer material. In order to achieve
above poal, the surface area of receptors and interactions between the analyte and
sensor receptors were enhanced by combining the MIPs with functionalized graphene.
For this purpose, functionalized graphene was added during polymerization. The
sensitivity of graphene oxide based composite substantially enhance towards analyte

due to the excellent electrical and mechanical properties of functionalized graphene.
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Figure 3.25: (a) Sensitivity response of GO- MIP composite and NIP of methacrylic acid based
fructose receptors at different concentrations (0-50 ppm) and (b) Regression analysis of GO-MIP based
fructose receptors.

At 50 ppm concentration of fructose, there is drastic increase in conductance which is
862 nF. The graph shows a linear response of 33 nF, 66 nF, 136 nF, 279 nF, 417 nF,
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658 nF, and 862 nF while exposing to analyte concentrations i.e. 1 ppm, 5 ppm, 10
ppm, 20 ppm, 30 ppm, 40 ppm and 50 ppm respectively as shown in figure 3.25 (a).
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Figure 3.26: Comparison of sensor response of NIP, MIPs and GO-MIPs (composite) of methacrylic
acid based fructose sensors at different concentrations (0-50 ppm).

The limit of detection of GO-MIPs composite was ~46 ppb and saturation of 600 ppm
calculated from the calibration curve shown in figure 3.25. The linearity of fructose
sensor response was measured by linear regression analysis which resulted in a linear
co-efficient of value R2 = 0.99 which shows highly linear and concentration dependency
of sensor response as shown in figure 3.25 (b). Comparison of NIP, MIP and GO-MIP
composite was shown in figure 3.26 by bar graph. This graph confirms the substantial
worth of graphene sheets while comparing the sensor signals of MIP and GO-MIP
composite, the response of GO-MIP composite was 1.4 folds higher than simple MIP.
The surface morphological studies showed availability of the high surface area as
compared to other polymers which leads to the high sensor response because of
fructose-MAA interactions which leads to the maximum adsorption of template

molecules.

3.3.4.4 Selectivity analysis of sensor

Selectivity is an important parameter of chemical sensor and sensitivity, alone is not

sufficient, therefore, it is important to check the selectivity of MIPs and GO-MIPs
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composite by exposing it against different competing molecules based on structural and
functional analogues. Fructose, glucose, maltose, sucrose and n-hexane were selected

as interfering species to evaluate the selectivity performance of the sensor.
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Figure 3.27: Selectivity analysis of methacrylic acid based fructose sensor against different competing
molecules at 50 ppm.

At 50 ppm, conductance of fructose and other interfering molecules were checked as
shown in figure 3.27. Fructose MIP based sensor show signals (conductance) 626 nF
whereas fructose, maltose, sucrose and n-hexane were 20, 14, 14 and 5 nF respectively.
Sensor response of GO-MIP composite based fructose was 862 nF and sensor signals
of other competing molecules were 9, 3, 3 and 2 nF for glucose, maltose, sucrose and
n-hexane. During polymerization, methacrylic acid and EGDMA rearrange themselves
in a very effective way around the imprinted specie results in a high number of
recognition sites which is highly selective towards the respective analyte.

Selectivity is far high for fructose (95 times) than glucose as interfering molecule, for
maltose and sucrose, it was 287 folds, and also exhibits highly negligible response for
n-hexane. This proves that GO-MIP (composite) sensor is highly sensitive as well as

selective against competing species.
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3.3.4.5 Stability, reusability and reproducibility

As the GO-MIPs composite showed high sensitivity and selectivity towards the fructose
thercfore, this composite was chosen to assess further sensor characteristics. First of all,
for the analysis of reproducibility, three different sensors were synthesized thrice by
following the same recipe and the fabricated sensors were exposed to the template
solution of 50 ppm concentration. The calculated RSD value of 1.5 % demonstrated
that the fabricated sensor is excellently reproducible. It can be seen from: these results,

molecular imprinted polymer layer responds in a stable way with only 0.5 % loss of

initial sensor response,
200 l
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Figure 3.28: (a) Reproducibility of three GO-MIPs composite based sensors prepared in the same
manner (b} Stability of GO-MIPs composite over the period of six months.

Secondly, for stability of GO-MIP composite, the fabricated sensor was stored for six
months under room temperature and pressure. It was assessed by monitoring the sensor
responses at 50 ppm concentration every month for a period of six months as shown in
figure 3.28 (b). The obtained relative standard deviation (RSD) of 0.5 % signified the
effective stability of 50 ppm with continuous use. In addition, 99.5 % sensor response
was maintained and also indicated that fructose GO-MIP composite based sensor

possesses excellent reproducibility, repeatability and stability.

3.4 Comparison of sensor receptors (imprinted vinyl

pyrolidone, urethane, styrene and methacrylic acid)

Different molecularly imprinted polymer systems (vinyl pyrolidone, urethane, styrene
and methacrylic acid) were fabricated and used as sensor receptors to achieve enhanced
sensor efficiency. The sensor responses comparison of these three polymer systems is
shown in figure 3.29. NVP based sensor receptors showed lower sensor response which
might be due to insufficient incorporation tendency of template molecules that resulted

in lesser number of cavities present on the bulk of polymer matrix.
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Urethane system was also assessed to enhance the sensor signals. Polyurethane as
monomer has proton donor groups (N-H or O-H) as well as the lone pair donor groups
(C=0). The proton donor group in this polymer matrix may interact with template
molecule by developing H-bonding with electron donor groups (C=0). While the
electron pair donor groups of polymer as well as template may interact with each other
and enhances the sensor signals.

Base on the polystyrene structure and functionalities, it might be assumed that cavities
generated in styrene system are more stable due to stronger interactions between
template and polystyrene than other NVP and PU as monomers. The stability of styrene
system based polymer might be higher due the aromatic nature of benzene ring present
in styrene structure. The most top sensor response was noted with methacrylate system
as shown in figure 3.29. The functional monomer i.e. methacrylic acid exhibited the
efficient imprinting due to a strong influence on adsorption of the template molecules

due to hydrophobicity of acrylate polymer matrix.
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Figure 3.29: Comparison of sensor response of different polymer systems used for the detection of
fructose.

When template is a polyhydroxy molecule, then there might be the possibility of
stronger hydrogen bonding interactions with methacrylic acid as monomer, a major

reason for the increased sensor response. Due to the structural and functionalities of
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acrylate, it may impart an important role in polymer synthesis to form an imprinted
polymer of fructose where it could be helpful to fix and co-ordinate with the cross-
linker i.e. EGDMA specifically. It thus induces the geometric key and lock geometry
of imprinted polymer which enables the polymer matrix for selective adsorption of
templated molecule. It is also of substantial importance from the above mentioned
results that acrylate based polymer showed the higher sensor effect as compare to other
monomers because of its carboxylic group and functionality and methacrylic acid
exhibits strong hydrogen bonding with fructose. Functionalized graphene based
nanocomposite of acrylate was also used to measure the sensor response and found the
sensor response many folds higher the simple acrylate MIP. The results obtained from
different imprinted polymers were briefly reported in table 3.1 and compared these data
with literature studies reporting fructose measurements using different electrochemical

methods.

Table 3.1: Comparison of previously reported work with recently designed sensors.

Sr.  Analyte . Polymerization/ = Monomer " LODand  Reference
No. Technique detection
range
1 Fructose, Fluoride-assisted - 0.24 yM (Thiruppathi,
Glucose, polymerization/ (240 ppb)  Thiyagarajan
Hypochlorite voltammetric for fructose  etal. 2017)
detection and 0.36
uM (360
ppb) for
glucose.
2 Fructose  Cyclic voltammetry/ - 8uM  (Nicholas,
< chronoamperometric (8000 ppb)  Pittson et al.
2018)
!
3 Fructose and ~ Plasmonic detection 4- (Aminomethyl) 1 Mg/mLL  (Muhammad,
glucose phenylboronicacid Liuetal.
hydrochloride 2017)
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"4 Fructoseand  Differential pulse o~  0.137uM  (Wang, Paim
glucose voltammetry (DPV)  phenylenediammine (137 ppb) et al. 2014)
(o-PD) for
fructose,
0.185 uM
(185 ppb)
for glucose
5  Fructose " Freeradical n-VP . 300 p'pb Present work
polymerization
(300 ppb to -
500 ppm)
6  Fructose - Free radical .: DPDI 107 ppb Present work
olymerization
pow (107 ppb to
525 ppm)
7 Fructose Free radical ' Siyrene 96 pp7b< Present work
olymerization
poy (96 ppb to
500 ppm)
'8 Fructose  Freeradical . MAA  60ppb  Present work
olymerization :
poy (60 ppb to
525 ppm)
9  Fructose Free radical ' MAA 46 ppb Present work
olymerization
poy \ (46 ppb to
' 600 ppm)

From the above mentioned table, all sensors were found completely reversible, highly
selective, sensitive, stable and reproducible than the reported sensors. Obviously, GO-
MIP composite based fructose sensor presented very minute LoD and higher dynamic
range than the simple MIP based fructose sensors along with very short detection time

(~2 seconds).
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3.5 Conclusion

In this chapter, MIPs and their composites have been synthesized using different
monomers and the measured sensor responses of n-VP, urethane, styrene and MAA
imprinted polymer systems are in the following order: n-VP <PU < Styrene < MAA.
Furthermore, to enhance the sensor response, graphene oxide composites of acrylate
based receptors are synthesized. It is found that graphene oxide composite based sensor
responses are many folds higher as compared to that of imprinted polymers. We can
conclude that methacrylate system is most suitable for the imprinting of fructose and
bears high sensitivity and selectivity. While the composite of imprinted acrylate with
functionalized graphene induces higher incorporation and moieties for the template
molecules and produced substantial higher sensor response. Hence the sensitivity,
selectivity, limit of detection and stability of the fabricated sensor is improved by using
MIPs-GO composite and it can have potential technological applications in field of

chemical sensors and material science.
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4.1 Introduction

Carbohydrates have substantial significance in many fields such as pharmaceutical,
biotechnology and food industry. Maltose is a well-known disaccharide used as
sweetening agent in food (Xu, Gu et al. 2015) and comprises of two glucose subunits
through a-(1-4)-D-glycosidic linkage. It is 12-20 % by composition of dry weight
naturally present in different parts of plants such as seeds, leaves and malt (Xiaohong,
Zhidong et al. 2017). Maltose has eleven hydrogen bond acceptors and eight hydrogen

bond donors with one rotatable bond shown in figure 4.1.

HBD @A HBD
HBA - MBD HBA b HBA

_HBD

WD © L HBA g
HBA

Figure 4.1: 3D structure of maltose (HBA = Hydrogen bond acceptor, HBD = Hydrogen bond donor)

High consumption of maltose causes serious health issues such as metabolic disorders,
obesity, non-alcoholic fatty liver, and cardiovascular diseases. Therefore, rapid and
efficient quantification of maltose in packed and bakery food items is of great
importance. Numerous methods and techniques are in practice for the quantification of
maltose such as high performance liquid chromatography (HPLC) (Elshaarawy, Mina
et al. 2018), HPLC with evaporative light scattering detection (HPLC-ELSD) (Sun,
Wang et al. 2016), gas chromatography coupled with mass spectrometry (GC-MS)
(Lee, Shibamoto et al. 2019) and spectrophotometric methods. Since last decade
electrochemical methods for the detection of maltose are getting substantial research
interest among analytical chemist and material scientists due to their quick response,

high sensitivity, highly selectivity (in many cases), cost effectiveness and repeatability

Fabrication of Molecular Imprinted Polymer based Sensors for the Detection of Mono and Disaccharides

105



4

Chapter 4 Fabrication of Molecularly Imprinted Polymers and Nanocomposite based
Sensors for the Detection of Maltose

behavior. In 1962, Clark and Lyons designed the first enzymatic sensor for the detection
of glucose with modified electrodes. Due to temperature, pH, and environmental
factors, it was difficult to maintain the sensor response with enzymes. However,
biosensors are highly dependent on the cultured enzymatic electrodes and a decrease in
enzyme activity results in failure of detection processes. Recently, molecular imprinted
polymers (MIPs) based sensors are used which are significantly beneficial to improve
the analytical performance of electrochemical sensors. The MIPs based sensors as
recognition elements are substantially important for selective recognition and a high
sensitivity. The MIPs are artificially synthesized receptors with selectivity and higher
affinity in their size, shape, molecular spation of functional groups towards the targeted
molecule (analyte). In this chapter, we reported the fabrication of MIPs and MIPs-GO
(nanocomposite) based sensors using different polymeric systems (styrene, vinyl-
pyrolidone, urethane and acrylate) and cross-linker ratios. The synthesized receptors
were characterized by FTIR, SEM and TGA. Furthermore, real-time sensor
measurements have been performed to assess the various sensor parameters by
exposing fabricated sensor to different concentrations of maltose and other competing

species.

4.2 Experimental section

4.2.1 Materials and methods

For the synthesis of NIP, MIPs and GO-MIPs composite based maltose sensors,
following chemicals such as glucose (99.5 %), sucrose (99 %), maltose (99 %), fructose
(99 %), dimethyl sulphoxide (DMSO, 99.7 %), n-vinyl pyrolidone (99 %), 4,
4’diphenylmethanediioscyanate (DPDI; 98 %), phloroglucinol (PG; 99 %), bisphenol
A (BPA; >99 %), chloroform, methacrylic acid (MAA; 99 %), styrene and 2,2'-
azobisisobutyronitrile (AIBN; 99 %) and ethylene glycol dimethacrylate (EGDMA;
98%), acetone (> 99 %), methanol (99.8 %, anhydrous), ethanol (99.8 %, anhydrous)
were purchased from Merck and Sigma Aldrich with the maximum available purity.

from Merck and Sigma Aldrich with the maximum available purity.
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4.2.2 Synthesis of styrene based molecularly imprinted polymer (PS-
MIP)

Styrene (3.4x10* mM), 3.2x10* mM of ethylene glycol dimethacrylate (EGDMA), 2
mg of AIBN as free radical initiator were mixed into an eppendorf tube. To the above
solution, 500 pL of dimethyl sulfoxide (DMSO) as solvent and 2 mg of maltose (2 mM)
were added and vortex it to obtain homogenized solution. Then mixture was

polymerized into water bath at 70 °C for 45 minutes till transparent gel point is reached.
4.2.3 Synthesis of non-imprinted polymer (PS-NIP)

Non-imprinted polymer (reference) was also synthesized exactly in the same way
without adding template (maltose). 3.4x10* mM of styrene, 3.2x10* mM of ethylene
glycol dimethacrylate (EGDMA), 2 mg of AIBN as free radical initiator were mixed
into an eppendorf tube. To the above solution, 500 pL of dimethyl sulfoxide (DMSO)
as solvent and vortex it to obtain homogenized solution. Then mixture was polymerized

into water bath at 70 °C for 45 minutes till transparent gel point is reached.

4.2.4 Synthesis of urethane based molecularly imprinted polymer
(PU-MIP)

Polyurethane based maltose imprinted receptors were synthesized using 40 to 60 ratio

between monomer and cross-linker. Urethane based receptors were synthesized by

1.9%x10 mM of phloroglucinol (PG), 8 x10® mM of bisphenol A and 3.6x10® mM of

DPDI was vortexed in 1 mL of DMSO. Maltose (2 mmole) was added and homogenized

by vortex. The resultant solution was heated for 30 minutes at 45 °C in water bath till

gel point was obtained which indicated the synthesis of maltose imprinted polymer.
4.2.5 Synthesis of non-imprinted polymer (PU-NIP)

PU-NIP was also prepared in the same way without adding maltose as template
molecule. Polyurethane based maltose imprinted receptors were synthesized using 40
to 60 ratio between monomer and cross-linker. Urethane based receptors were
synthesized by 1.9 x10°° mM of phloroglucinol (PG), 8 x10® mM of bisphenol A and
3.6x10° mM of DPDI was vortexed in 1 mL of DMSO and homogenized by vortex.
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The resultant solution was heated for 30 minutes at 45 °C in water bath till gel point

was obtained which indicated the synthesis of maltose imprinted polymer.

4.2.6 Synthesis of n-vinyl pyrolidone based molecularly imprinted
polymer (VP-MIP)

Poly(vinylpyrolidone) based MIP was synthesized by following this method. 3.7 x10"*

mM of vinyl pyrolidone, 3.2 x10* mM of EGDMA were mixed into an eppendorf

having 500 puL (4 mmole maltose solution in DMSO) of maltose solution. After

homogenizing, 4 mg of AIBN was added to above mixture and vortex. The resultant

solution was heated to 60 °C for 45 minutes in water bath till a transparent gel point

was attained.
4.2.7 Synthesis of non-imprinted polymer (NVP-NIP)

NVP-NIP was prepared without adding template (maltose) molecule in the same way
as MIP was synthesized. Poly(vinylpyrolidone) based MIP was synthesized by
following this method. 3.7 x10* mM of vinyl pyrolidone, 3.2 x10* mM of EGDMA
were mixed into an eppendorf having 500 pL of DMSO. After homogenizing, 4 mg of
AIBN was added to above mixture and vortex. The resultant solution was heated to 60

°C for 45 minutes in water bath till a transparent gel point was attained.

4.2.8 Synthesis of methacrylic acid based molecularly imprinted
polymer (MAA-MIP)

Maltose imprinted polymer was synthesized by mixing 4.7 x10* mM of methacrylic

acid (MAA) as functional monomer, 3.1x10"* mM of EGDMA as cross linker, 4 mg of

AIBN as free radical initiator and 500 pL. of DMSO as solvent. 2 mM of maltose was

added to the above mixture as template. The mixture was vortex for 5 minutes to

homogenize and then place in water bath at 60 °C for 45 minutes to polymerize.
4.2.9 Synthesis of non-imprinted polymer (MAA-NIP)

MAA-NIP was also prepared in the same way without adding template (maltose)
molecule same as above mentioned method. Maltose imprinted polymer was

synthesized by mixing 4.7 x10* mM of methacrylic acid (MAA) as functional
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monomer, 3.1x10% mM of EGDMA as cross linker, 4 mg of AIBN as free radical
initiator and 500 pL of DMSO as solvent. The mixture was vortex for 5 minutes to

homogenize and then place in water bath at 60 °C for 45 minutes to polymerize.

4.2.10 Synthesis of polyacrylate graphene oxide based molecularly
imprinted composite (MAA-GO-MIP)
Graphene oxide composite of molecularly imprinted methacrylic acid was synthesized

by adding 0.5 mg of graphene oxide in 600 pL of imprinted MAA, sonicate and a

suspension of composite was achieved.

4.2.11 Immobilization of MIPs, NIPs and Composite onto IDEs

Interdigital electrode (IDE) with electrodes spacing (L= 0.5 and number of fingers=18)
was used as transducing surface for sensor measurements. IEDs were cleaned by
washing with de-ionized water followed by methanol. 15 pL of imprinted polymer
(MIP) was coated onto IDEs by spin coating at a speed of 2500 rpm (figure 2.2). The

IDEs were dried in an oven overnight to achieve dry and compact polymer thin film.
4.2.12 Removal of template from MIPs

To remove the template molecule (maltose) from imprinted polymeric matrix, IDEs
washed with deionized water with continuous stirring for 90 minutes by using magnetic
stirrer at room temperature. After washing out the template molecules from polymer,

thin films, template size identical cavities were achieved.

4.3 Results and discussion

4.3.1 Characterization and sensor measurements of styrene system
based receptors

4.3.1.1 Characterization of synthesized receptors by FTIR spectroscopy and
scanning electron microscope (SEM)
To study the functional modification of imprinted and non-imprinted thin film

receptors, ATR-FTIR analysis was performed.
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Figure 4.2: FT-IR spectra of non- imprinted and imprinted polystyrene based maltose receptors.
FTIR spectra for polystyrene system was observed in the range from 600-4000 cm™..
The characteristic peak at 900-1100 cm™! indicates the presence of glucose in case of
both MIP and GO-MIP whereas absence of this peak in NIP spectra confirms the
removal of glucose. The absorption peak at 3000-3400 cm™' was attributed to stretching
vibrations of —OH of maltose and confirms the hydrogen bond formation which is
absent in NIP. The peak at 2800-2900 ¢cm*! were assigned to the sp? (CH) aromatic
rings. By comparing the peaks present with MIP and GO-MIP, were found absent in
NIP.

To examine the surface morphology, thin films of NIP and MIP were characterized by
scanning electron microscope and receptors were coated onto the glass substrate to
obtain thin films. Microscopic images showed that NIPs have very smooth surface
while the images of imprinted polymers showed high surface roughness due to the
swelling of polymer on the incorporation of template molecules within the polymeric

matrix as shown in figure 4.3.
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Figure 4.3: SEM images of (a) NIP and (b) MIPs of polystyrene based maltose receptors.

The SEM images showed that micro and nanostructures have been produced in the
imprinted polymer surface due swelling of polymer surface and porogenic effect during
polymerization while such structures have not been observed in the micrographs of
NIPs. The appearance of pores and microscopic structures indicated the surface changes

of MIPs due to extraction of template molecules from polymer matrix.

4.3.1.2 Sensitivity analysis of fabricated sensor

After coating of maltose imprinted receptors onto IDEs and washing to generate
cavities within polymeric matrix, the fabricated sensor was exposed to various
concentrations of maltose to assess its sensitivity profile. At 0 ppm, the observed
capacitance was 0 and at 1 ppm, 5 ppm, 10 ppm, 20 ppm, 30 ppm, 40 ppm and 50 ppm
of maltose the sensor responses of 10 nF, 21 nF, 44 nF, 75 nF, 119 nF, 138 nF and 186
nF have been observed respectively with the lowest limit of detection ~150 ppb. The
obtained electrochemical results demonstrated that newly fabricated sensor was highly
sensitive even at very low concentration of 1ppm as shown in figure 4.4 (a). The NIP
was also exposed to the same concentrations of analyte and sensor signals were found
very less. The linearity of sensor was assessed by linear regression analysis of obtained
sensor responses at different concentrations of analyte (0-50 ppm) and the sensor
showed linear response with a linear co-efficient of regression (R?) of value 0.99 as can

be seen in figure 4.4 (b). The increase of capacitance might be due to the -OH
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(hydroxyl) group present in maltose which was trapped within the molecular cavities

present in polymeric matrix coated onto IDEs.
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Figure 4.4: (a) Sensitivity response of NIP and MIPs of polystyrene based maltose sensor at different
concentrations (0-50 ppm) and (b) Linear regression analysis of maltose sensor.

The MIPs coated sensor yields substantially higher response as compared to NIPs due
to the presence of structural related cavities present on the surface of MIP. For the
synthesis of an efficient molecular imprinted polymer, there must be robust interactions
between the functional monomer and analyte. The hydrogen bond acceptor and
hydrogen bond donor groups present in maltose played a vital role in the development
of non-covalent interactions between maltose and polymeric matrix as shown in figure
4.5. Another reason for the sensor signal changes of maltose imprinted styrene polymer
on exposing to maltose could be that maltose is selectively adsorbed in the polymer
matrix. The selective absorption causes the potential change or greater in response with
the increase in concentration even at very minute concentration of maltose and its
saturation point is ~507 ppm. An ideal sensor should be concentration dependent and
reversible. This newly fabricated sensor follows the same pattern and upon increasing
the concentration of template, capacitance increases in a linear manner which depicts

the linear relation between template molecule and capacitance.
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Figure 4.5: The rebinding and removal of template from polystyrene based maltose receptors.

When the fabricated sensor was exposed to zero concentration of maltose after taking
sensor response of each concentration, the sensor approaches to its initial point which
indicates the reversible response of fructose fabricated sensor. On the other hand, if we
consider the interaction between the template molecules and molecular binding sites
within MIPs which are absent in NIPs then the higher sensor of MIPs can easily be
explained. NIP does not show any significant change in its response due to lack of
binding capacity towards analyte. The surface morphology of imprinted polymer thin
films is also another important parameter. Highly porous and rough surface morphology
of MIP could be a reason to enhance the sensor response as compare to NIP due to its

smooth surface.

4.3.1.3 Selectivity analysis of sensor
Besides sensitivity, reversibility and linearity, selectivity is an essential parameter of a

sensor to assess its specific behavior in presence of other competing molecules.
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Figure 4.6: Selectivity of imprinted polystyrene based maltose sensor against different competing

For selectivity analysis, different structurally identical interfering molecules were used
such as sucrose, glucose, fructose and n-hexane. The fabricated sensor was exposed to
the similar concentrations (50 ppm) of maltose and above mentioned competing species
and sensor responses towards each analyte were measured. As MIPs coatings
specifically incorporates the respective template molecules i.e. maltose molecules,
therefore the fabricated sensor showed higher sensor response towards maltose by the
factor of 15 than sucrose, 19 folds higher than glucose and fructose respectively. This
is because cavities generated at MIP surface not only size-selective but strongly
distinguished from isomers and monosaccharides can be seen in figure 4.6. From these
observations, we can say that molecular imprinted polymer based sensors are highly
sensitive and selective. The reason for high selectivity is the presence of size and
structurally dependent cavities synthesized by highly cross-linked polymer chains
formed around the template molecule. During polymerization process, generation of
non-covalent interactions networks between analyte and polymer matrix due to non-
covalent means hydrogen bond, hydrophobic, dipole and n-n interactions. After the
template removal, these interactions are retained within the polymer matrix which

ideally leads to the adapted functionality, geometry and spatial of the resulting sieves.
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This results in highly selective, stable matrices covering analytes ranging from

molecules to entire cells.

4.3.1.4 Reproducibility, reusability and stability

To assess the reproducibility, three different sensors were synthesized thrice by
following the same recipe and the fabricated sensors were exposed to the template
solution (50ppm). These sensors were stored under normal conditions of temperature
and pressure and their sensor responses were measured after one month thrice, The
calculated RSD value of 0.38 % demonstrated that the fabricated sensor is excellently
reproducible. It can be seen from these results, molecular imprinted polymer layer
responds in a stable way for three months with only 0.5% loss of initial sensor response
as shown in figure 4.7 (a).

For stability of MIP based maltose sensor, the fabricated sensor was stored for six

months under room temperature and pressure.
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Figure 4.7: {a) Reproducibility and reusability of three polystyrene based maltose sensors prepared in
the same manner (b) Stability profile of maltose sensor over the period of six months.

The sensor response as shown in figure 4.7 (b) showed that sensor signals were stable
and the obtained relative standard deviation (RSD) of 0.8 % signifies the effective
repeatability of 50 ppm concentration with continuous usage. In addition, 98.8 % of
sensor response was maintained which also indicate that maltose MIP based sensor
possesses excellent repeatability and high stability at the above mentioned conditions.
Furthermore, after six months, only 0.5 % loss of sensor response, it might be due to
swelling of imprinted polymer coated IDE in water over time. The imprinted layer
maintained its integrity, as it is still effectively shielded the immediate IDE surface from

changes in the surrounding.

4.3.2 Characterization and sensor measurements of urethane system
based receptors

4.3.2.1 Characterization of synthesized receptors by FTIR spectroscopy and
scanning electron microscope

To examine the functional group modification of NIP and MIP thin films, FTIR analysis

was performed. For FTIR analysis, synthesized receptors were coated onto the glass

substrate, dry and highly compact thin film of receptors was obtained.
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Figure 4.8: FT-IR spectra of non-imprinted and imprinted polyurethane based maltose receptors.
In this polymer matrix, N-H characteristic absorption peak was found at 3328 cm™' due
to the presence of hydrogen bond in the urethane linkage and urea groups. Carbony!
group showed stretching vibrations at 1726 ¢m'. The stretching vibrations of ester
(C(0)-C) was present at 1126 cm™’. The carbonyl peak (C=0) around 1700 cm™! duc to

ester-polyols and urethane as shown in figure 4.8.

Figure 4.9: SEM images of (a) NIP and (b} MIP of poiyurethane based maltose receptors.

To assess the surface morphology of MIP and NIP receptors, scanning electron
microscope was used. The synthesized receptors were coated onto the glass substrate

to obtain the thin films of fabricated receptors. The MIPs based receptors showed highly
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porous and rough and non-imprinted polymer possess very smooth surface as shown in
figure 4.9. The SEM images showed that microstructures on the imprinted receptor
surface were due to the swelling of polymer on the incorporation of template within
polymer matrix NIP has very smooth surface because such structures have not been
seen on NIP thin film. Different morphology of both MIP and NIP indicated the

successful polymerization of polymers.

4.3.2.2 Sensitivity analysis of fabricated sensor

To examine the sensor response of fabricated IDE towards analyte molecule (maltose),
fabricated sensor was exposed to different concentrations of template molecule. The
sensor response was measured against different concentrations ranging from 0-50 ppm
and at 0 ppm, capacitance was 0 and as for | ppm, 5 ppm, 10 ppm, 20 ppm, 30 ppm, 40
ppm and 50 ppm, capacitance was 13 nF, 24 nF, 53 nF, 93 nF, 136 nF, 187 nF and 208

nF respectively as shown in figure 4,10 (a).
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Figure 4.10 : (a) Sensitivity response of NIP and MIPs of polyurethane based maltose sensor at
different concentration {0-50 ppm) (b} Linear regression analysis of maltose sensor,

While the response of NIP is 3 nF, 5 nF, 7 nF, 8 nF, 10 nF, 12 nF and 16 nF at | ppm,
5 ppm, 10 ppm, 20 ppm, 30 ppm, 40 ppm and 5¢ ppm concentration of template
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(maltose) molecule which is very less as compared to the response of imprinted polymer
and the significant difference of responses between MIPs coated IDEs and NIPs coated
IDEs is because of the availability of selective molecular imprints/cavities in the
molecular imprinted polymer. For measuring sensitivity of molecular imprinted
polymer, different concentrations ranging from lower to higher were used. The
conductance was increased in a linear manner so there is a linear relationship between
concentration of template and conductance which means that sensor response is linear
with linear regression co-efficient R* = 0.99 as shown in figure 4.10 (b). This might
happen because -NH present in urethane molecule has a negative charge and maltose
molecule acts as an electroactive specie. When this negatively charged atom interacts
through electrostatic interaction with the -OH group of MIPs, the response of the sensor
increases.

For the synthesis of a good sensor, it is important that there should be a reasonable
amount of interaction between a template and functional monomer. Another reason
could be that maltose is selectively adsorbed by the polymer matrix that creates
potential change or increase in response to the change in concentration even at a
minimal concentration of maltose. This confirms that the fabricated sensor is
susceptible even at very low concentration of 1 ppm of template molecule (maltose)

with a lower limit of detection (LoD) ~115 ppb and maximum detection point is ~525
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Figure 4.11: The rebinding and removal of terplate from polyurethane based maltose receptors.

After washing the sensor with water, its response again reaches to its initial value which
means the sensor shows complete reversibility and regeneratability shown in figure
4.10 (a). On the other hand, if we see the interactions between the template and
molecular imprinted binding sites, the sensitivity was enhanced as compared to non-
imprinted polyraer shown in figure 4.1]. NIP does not show any significant change in

its response due to lack of binding capacity towards analyte.

4.3.2.3 Selectivity analysis of sensor

For an ideal sensor, it should be highly selective towards its analyte of interest along
with substantial sensitivity and linearity. To obtain a highly selective sensor, sucrose,
fructose, glucose and n-hexane were chosen as interfering molecules. Selectivity was
checked at 50 ppm, the conductance of maltose was 208 nF, in contrast at same
concentration, this value for sucrose, fructose, glucose and n-hexane are 15 nF, 12 nF,
12 nF and 7 nF respectively. The difference between the sensor responses towards
template molecules and other competing species proves the highly selective behavior

of fabricated sensor.
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Figure 4.12: Selectivity analysis of polyurethane based maltose sensor against different competing
molecules at 50 ppm.

This selectivity of the sensor was resulted due to the size identical cavities generation
because during polymerization DPDI and Bisphenol A arrange themselves around the
imprinted specie in a very effective way so they can produce highly effective
recognition sites which is highly selective towards its template molecule i.e. maltose
shown in figure 4.12. Selectivity coefficient for sucrose is greater in comparison to
fructose which means that sucrose is strong interfering chemical specie for maltose than
fructose due to same chemical structure. Greater selectivity coefficient of sucrose might
be due to the resemblance of molecular structure and conductivity of analyte and

interfering molecule.
4.3.2.4 Reproducibility, reusability and stability studies of fabricated sensor

Reproducibility, regeneratability, reversibility and stability of a sensor are important
parameters to be addressed under normal conditions of temperature and pressure. For
the analysis of reproducibility, three different sensors were synthesized following the
same procedure and stored for a month at room temperature and pressure. These newly
developed sensors were exposed to the template concentration (50 ppm) and sensor
response was measured after one month for consecutive three times. Conductance was
measured by LCR meter and figure 4.13 (a) described that at first, the sensor signals

were stable, can be seen from error bars. The obtained relative standard deviation (RSD)
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of <0.5 % signifies the effective reproducibility and regeneratability of the fabricated

sensor at 50 ppm concentration with continuous usage.
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Figure 4.13: (a) Reproducibility and reusability of three polyurethane based maltose sensors prepared
in the same manner (b) Stability profile of mattose sensor over the period of six months.

For stability of a fabricated sensor, a MIP based sensor was synthesized by the same

recipe and stored under normal conditions of temperature and pressure. The above

mentioned sensor was exposed to the 50 ppm concentration of template (maltose)
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molecule and sensor response was measured after every month for a period of six
months as shown in figure 4.13 (b).

From these observations, it was found that the fabricated maltose sensor didn’t show
any significant change in its response. In addition, 97 % of sensor response was
maintained which also indicated that maltose MIP based sensor possesses excellent

stability.

4.3.3 Characterization and sensor measurements of vinyl pyrolidone
system based receptors

4.3.3.1 Characterization of synthesized receptors by FTIR spectroscopy and
scanning electron microscope

To study the functional group modification during polymerization of n-vinyl pyrolidone
and ethylene glycol dimethacrylate (EGDMA), FTIR analysis was performed. To study
the chemical structure of thin films of imprinted and non-imprinted polymers, FTIR
was plotted between wave number and % transmittance. A peak was observed at 2980
cm™ as shown by figure 2.3, due to stretching vibrations of sp® (CH), while C-O-C
stretching vibration was found at 1160 cm™!. The ester group of EGDMA showed a
characteristic stretching band at 1734 cm™. The peak at 1425 cm was found a
representative peak of C=N, C=C due to the stretching of pyridine group present in n-
vinylpyrolidone. These major peaks in spectra showed that the polymerization occurred
and imprinted polyvinyl pyrolidone were achieved by free radical polymerization of
EGDMA and VP.
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Figure 4.14: FT-IR spectra of non-imprinted and imprinted polyvinyl pyrolidone based maltose
receptors.

To examine the surface morphology of molecular imprinted (MIP) and non-imprinted
{NIP) receptors, scanning electron microscope was used. MIP and NIP receptors were
coated onto glassy substrate to obtain thin films. SEM images showed that imprinted
polymer bears highly rough and porous surface due to the swelling of polymer on the
incorporation of template molecules within the polymeric matrix while non-imprinted
receptors have smooth surface as shown in figure 4.15. The presence of these micro

structures on the surface of MIP were due to the removal template molecule.

Figure 4.15 : SEM images of (a) NIP and (b) MIP of polyvinyl pyrolidone based maltose receptors
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The topographical difference between MIP and NIP surfaces was observed which

demonstrated the surface changes during polymerization of polymers.

4.3.3.2 Sensitivity analysis of fabricated sensor

For sensitivity measurement, synthesized maltose imprinted receptors were coated onto
IDE and then washed to generate the imprints/cavities within the polymer matrix. The
fabricated IDE was exposed to different concentrations i.e. 0- SO ppm of maltose to
examine the maltose sensitivity profile. When the fabricated sensor was exposed into
the solution of Oppm (de-ionized H2O), the observed capacitance (Cs) was zero as
shown in figure 4.16 (a). At 50 ppm concentration of analyte molecule, sensor exhibited
the highest response i.e. 252 nF. Conductance was also measured at different
concentration like 1 ppm, 5 ppm, 10 ppm, 20 ppm, 30 ppm, 40 ppm and 50 ppm, the
observed sensor response was 22 nF, 37 nF, 72 nF, 123 nF, 172 nF, 207 nF and 252 nF
respectively. On the other hand, reference electrode showed negligible response at all
the respective concentrations of maltose. The number of binding sites present on the
imprinted polymer surface are directly proportional to the sensitivity of sensor.
Sensitivity response increases as the concentration of template (Maltose) increases
which proves the highly linear behavior of fabricated sensor. Increase in the
conductance upon increasing the template concentration leads to a certain where all
available binding sites are completely occupied and further increase of analyte
concentration will not influence the sensor response. This point or concentration will
be higher limit of detection and this sensor showed saturation point at 529 ppm of
maltose. It can be seen from figure that sensitivity is high for high concentration and
upon increasing the concentration of template, conductance increases in a linear
manner. This linear relationship between concentration of template and conductance
with linear regression co-efficient R? = 0.99 can be seen figure 4.16 (b) and exhibited

lower limit of detection ~68 ppb.
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Figure 4.16 : (2) Sensitivity response of NIP and MIP of polyvinyl pyrolidone based maltose sensor at
different concentrations (0-50 ppm) (b) Regression analysis of maltose sensor.
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Figure 4.17: The rebinding and removal of template from polyvinyl pyrolidone based maltose
receptors.

After treatment of the fabricated sensor with water, its response approaches to start
point which indicates the sensor shows perfect reversibility and regeneratability. While

the sensor possesses the lower limit of detection of 68 ppb towards the maltose. On the
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other hand, NIP does not show any significant change in its response due to lack of
binding capacity towards analyte. After washing the sensor with water, its response
again reaches to its initial value which means the sensor shows complete reversibility
and regeneratability shown in figure 4.16 (a). On the other hand, if we see the
interactions between the template and molecular imprinted binding sites as shown in
figure 4.17, the sensitivity was enhanced as compared to non-imprinted polymer. NIP
does not show any significant change in its response due to lack of binding capacity

towards analyte.

4.3.3.3 Selectivity analysis of sensor

Selectivity of a fabricated sensor can be measured by exposing the sensor to different
interfering species including sucrose, fructose, glucose and n-hexane of same
concentration against template (maltose) molecule. Although the polymer was not
prepared for structurally related competing molecules, their sensing was checked with
imprinted membrane prepared for maltose. The fabricated sensor showed response
towards competing species while the response of template was higher than other

molecules.
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Figure 4.18: Selectivity analysis of polyvinyl pyrolidone based maltose sensor against different

competing molecules at 50 ppm.
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At 50 ppm, conductance of maltose and other interfering molecules were checked as
shown in figure 4.18. Maltose MIP based sensor show signals (conductance) of 525 nF
whereas sensor signals of sucrose, fructose, glucose and n-hexane were 10 nF, 6 nF, 6
nF and 4 nF respectively. Maltose sensor showed a response of 53 folds higher than
sucrose, 88 times greater than glucose and fructose while for n-hexane, it was 131 folds
higher for maltose. Sucrose showed higher selectivity response than other interfering
molecules due to structure resemblance. They have same r geometry and bond angles
due to which sucrose showed higher response than other competing species. Maltose
and sucrose both are disaccharides have same functionalities. On the other hand,
glucose and fructose are linear molecules due to which it showed negligible response.
Sensor showed high response towards template in the presence of other competing
species with same molecular geometry confirming that molecular imprinted polymer is

highly selective towards target molecule.

4.3.3.4 Reproducibility, reusability and stability

For the success of newly developed sensor, it should be highly stable, reversible,
regeneratable and reproducible when used for different applications. To assess the
reproducibility and regeneratability of fabricated sensor, three different sensors were
synthesized thrice using the same procedure and were stored at normal temperature and
pressure. For the measurement of sensor response, the fabricated sensor was exposed
to 50 ppm concentration of template molecule and stability profile was found by
recording the signal responses of a sensor for a month under the room temperature and
pressure (normal conditions). An acceptable accuracy was measured with relative
standard deviation (RDS) ~0.25 % and indicated an excellent reproducibility as shown
in figure 4.19 (a). To examine the stability, a sensor was synthesized thrice using the
same synthesis process and stored for a period of six months under normal conditions.
The sensor response was measured by exposing the fabricated sensor at 50 ppm

concentration of maltose after every month upto six months as ca be seen in figure 4.19

(b).
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Figure 4.19: {a) Reproducibility and reusability a of three polyvinyl pyrolidone based maltose sensors

prepared in the same manmer (b) Stability profile of maltose sensor over the period of six months,

From these observations, it was found that senor didn’t show any obvious change in
sensor response. Moreover, the sensor response was analyzed afier every month,
maintained 99 % of the initial signals. The increased stability of electrochemical sensor

is depending on the structural stability of highly cross-linked MIP complex.
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4.3.4 Characterization and sensor measurements of imprinted
methacrylic acid and its nanocomposite based receptors

4.3.4.1 Characterization of synthesized receptors by FTIR spectroscopy and
scanning electron microscope

To study functional group changes during the polymerization of methacrylic acid
(MAA) and ethylene glycol dimethacrylate (EGDMA), FT-IR analysis was performed.
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Figure 4.20 FT-IR spectra of NIP, MIPs and GO-MIPs composite methacrylic acid based maltose
receptors.

FTIR spectra for acrylate based receptors was obtained in the range of 700-3900 ¢cm’!
as shown in figure 4.20. Spectra of MAA and EGDMA showed —C=C stretching
frequency at 1650 cm™'. The peaks at 1670-1515 em™' are vibrational peaks indicating
C-H stretching and C-H bending of polymer chains. The characteristics peaks centered
at 1035-1149 em™! indicated the presence of polysaccharides in MIP. The absorption
peak at 3200-3400 cm' was attributed to stretching vibrations of -OH of glucose. The
peak at 1702 cm™' shows the presence of ester group in the matrix and the other extra
peaks are attributed to free radicle polymerization.

To examine the topography of the NIP, MIPs and GO-MIPs composite, Scanning
Electron Microscope was used. For this purpose, the synthesized receptors were coated

onto the glass substrate to achieve the thin films. Microscopic images showed that NIP
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based receptors have smooth and non-porous surface while MIP based receptors

showed highly rough and porous morphology as shown in figure 4.21.

Figure 4.21: SEM images of (a) NIP, (b) MIPs and (¢) GO-MIPs composite of methacrylic acid based
maltose receptors.

The roughness of MIPs surface is due to the swelling of polymers on the incorporation
of template molecule present within the polymeric complex. SEM image of GO-MIPs

composite also showed completely embedded.

4.3.4.2 Thermogravimetric and differential thermal analysis (TGA/DTA)

Thermogravimetric analysis was performed to assess the mechanical and thermal
stability of NIP, MIPs and GO-MIPs composite. TGA/ DTA profile was examined in
the temperature range from 25 - 600 °C under nitrogen atmosphere. NIP has an initial
negligible weight loss of -2.777/5.33 mg from 18.34 °C to 322.86 °C temperature related
to the evaporation of solvent and water at first stage. The loss of mass between 322.86

°C and 596.34 °C is basically due to water removal from interior or condensation of
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hydroxyl (OH) group. The obvious weight loss initiates from 400 °C is because of
decomposition of imprinted polymer coatings (Li, Zhao et al. 2018). In second phase,
mass loss was -2.797/5.797 mg and total mass loss is -5.574/5.797 mg (-100 %) shown
in figure 4.22 (a). In case of molecular imprinted polymer (figure 5.22 b), a very small
weight loss was noted (-3.430/5.33 mg) from temperature 35.38 °C — 272.36 °C. In
second shift, very minute mass loss of -1.781/5.33 mg was observed between a
temperature of 287.4 °C - 577.35 °C and total weight loss was (-5.21/5.33 mg=-97.29
%). The thermogravimetric curve of GO-MIP composite showed mass loss in the
temperature range of 28.43 °C to 367.2 °C was -4.054/5.3 mg while at second shift starts
at 368.10 °C to 598.10 °C with weight loss of -1.38/5.3 mg can be seen in figure 4.22
¢. The total mass loss in case of GO-MIP was -5.434/5.3 mg (-102.5 %).
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Figure 4.22 : TGA and DTA curves of (a) NIP (b) MIPs and (c) GO-MIPs composite of methacrylic
acid based maltose receptors.

The different peaks present in DTG curve in temperature range of 25-600 °C are
consistent with the weight losses of TG curve. The mass loss trend in NIP and MIPs
was consistent with that of GO-MIP except the total loss is highly negligible in case of
All NIP, MIPs and GO-MIPs composite. Furthermore, these results indicated that NIP,
MIP and MIP/GO has been synthesized successfully with excellent thermal stability.

4.3.4.3 Sensitivity analysis of fabricated sensor

To assess the sensitivity of polyacrylate based maltose sensor, synthesized acrylate
receptors were coated onto IDE and then washed to generate the imprints/cavities
within the polymer matrix. The fabricated sensor was exposed to 0 ppm concentration
(de-ionized H2O) of template molecule, the observed capacitance (Cs) was zero as
shown in figure 4.23 (a). At 50 ppm concentration of analyte (maltose) molecule, sensor
exhibited the highest response i.e. 610 nF. Conductance was also measured at different
concentration like 1 ppm, 5 ppm, 10 ppm, 20 ppm, 30 ppm, 40 ppm and 50 ppm, the
observed sensor response was 38 nF, 111 nF, 181 nF, 232 nF, 328 nF, 455 nF and 610
nF respectively. On the other hand, the response of non-imprinted (NIP) was very low
at the same concentrations of template (maltose) molecule and significant difference of
sensor response between MIPs coated IDE and NIPs coated IDE is because of

availability of template identical cavities/selective molecular imprints on the surface of
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imprinted polymer based receptors. By increasing the concentration of maltose,

conductance was increased which indicated that the sensor response is linear with linear

regression co-efficient (R?) value of 0.99 % as shown in figure 4.23 (b).
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Figure 4.23: (a) Sensitivity response of NIP and MIPs of methacrylic acid based maitose sensor at
different concentration (0-50 ppm) (b} Linear regression analysis of maltose sensor.
Increase in the conductance upon increasing the template concentration leads to
saturation point at a higher concentration likely because of complete filling of cavities
in the domain of polymer via adsorption of template molecule. For measuring
sensitivity of maltose sensor, nanomolar (nM) concentration can be detected. By
treating the maltose sensor with water, the sensor again exhibits the zero signals which
confirms its reversibility behavior. While the sensor possesses the lower limit of
detection (LoD) of 39 ppb with higher limit of 530 ppm towards the maliose, figure
423 shows the complete reversibility and regeneratability. The non-covalent
interactions between the template molecules and polymeric matrix may base on the
interaction of crosslinking agent and maltose molecules. The OH groups present on
maltose interact with OH groups of acrylic acid while the EGDMA provides support in
form of polymerization to generate cavities within polymer matrix as shown in figure

4.26.
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To enhance the sensor performance and sensitivity, the structure of imprinted polymer
was optimized in such a way that recognition cavities should be situated in the close
proximity and at the surface of polymer material. The surface area of receptors and
interactions between the analyte and sensor receptors were enhanced by combining the

MIPs with functionalized graphene.
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Figure 4.24: (a) Sensitivity response of NIP and GO-MIPs of methacrylic acid based maltose sensor at
different concentration (0-50 ppm) (b) Linear regression analysis of GO-MIPs based maltose sensor.

For this purpose, functionalized graphene was added during polymerization. The
sensitivity of graphene oxide based composite substantially enhanced towards analyte
due to the excellent electrical and mechanical properties of functionalized graphene.
Graphene oxide imprinted composite based sensor showed an improved sensor
response when it was exposed to different concentrations of analyte i.e. 1 ppm, 5 ppm,
10 ppm, 20 ppm, 3¢ ppm, 40 ppm and 50 ppm and its sensor response was 92 nF, 201
nF, 295 nF, 482 nF, 674 nF, 851 nF and 1006 nF respectively. The GO-MIPs composite
based sensor exhibited higher sensor response with increase in concentration which
indicated the linear behavior of maltose sensor and linearity constant (R2) was 0.99
shown in figure 4.24 (b). Functionalized graphene based sensor enhance the sensor

response ~3 folds and limit of detection was also improved upto ~16 ppb to 600 ppm
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calculated by signal to noise ratio (S/N= 3). The surface morphological studies showed
availability of the high surface area as compared to other polymers which leads to the
high sensor response because of maltose-MAA interactions which leads to the

maximum adsorption of template molecules.
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Figure 4.25: Comparison of sensor response of NIP, MIPs and GO-MIPs composite based maltose

sensor at different concentrations (0-50 ppm).

GO-MIPs based sensor was found highly sensitive and reversible as can be seen from
figure 4.24 (a). The bar graph in figure 4.25 shows the comparison of NIP, MIPs and
GO-MIPs. The possible interactions between template molecules and polymer matrix
where dipole-dipole force and hydrogen bonding cause the interaction between
template molecule and imprinted cavities. It bears a lot of electroactive oxygen
containing functional groups and has two-dimensional plane in its oxidation state. It is
chemically stable and has a large surface area, its easily soluble in water that makes it

an ideal material for the modification of electrodes and electrochemical detection.
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Figure 4.26: The rebinding and removal of template from methacrylic acid based maltose receptors.

4.3.4.4 Selectivity analysis of sensor

Selectivity is an important parameter of chemical sensor and sensitivity, alone is not
sufficient, therefore, it is important to check the selectivity of MIP and GO-MIP
composite based sensor by exposing it against different competing molecules based on
structural and functional analogues. Sucrose, fructose, glucose and n-hexane were
selected as interfering species to evaluate the selectivity performance of the sensor. At
50 ppm, conductance of maltose and other interfering molecules were checked and
found that maltose MIP based sensor show signals (conductance) 610 nF whereas
fructose, maltose, sucrose and n-hexane were 10, 9, 9 and 6 nF respectively. Selectivity
co-efficient is far high for sucrose (61 times) as interfering molecule, for fructose and
glucose, it was 68 folds, and also exhibits highly negligible response for n-hexane.
Sensor response of GO-MIP composite based maltose sensor was 1006 nF and sensor
signals of other competing molecules were 7, 3, 3 and 2 nF for sucrose, fructose,
glucose, and n-hexane respectively. During polymerization, methacrylic acid and
EGDMA rearrange themselves in a very effective way around the imprinted specie
results in a high number of recognition sites which is highly selective towards the
respective analyte. Selectivity co-efficient is highly increased for sucrose (143 times)
as interfering molecule, for fructose and glucose, it was 335 folds, and also exhibits

highly negligible response for n-hexane. This proves that GO-MIP (composite) sensor
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is highly sensitive as well as selective against competing species. So these interfering
molecular species might be entrapped in the cavities of MIP systems which are in fact
generated for analyte molecules i.e. maltose molecules. The low response of these
polymer based sensors for sucrose might be due to the fact that molecular geometry and
molecular structure of interfering molecule do not resemble the molecular geometry

and molecular structure of maltose.
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Figure 4.27: Selectivity analysis of methacrylic acid based maltose sensor against different competing
molecules at 50 ppm.

This shows the achievement of molecular imprinted approach where sensor shows high
selectivity. GO-MIP composite based sensor represented highly selective as compare
to MIP based sensor response. The addition of functionalized graphene enhanced
selectivity profile of fabricated sensor due to excellent surface area and electrical,
mechanical properties. Therefore, GO-MIPs composite based sensors strongly prefer
their template over all interfering molecules. The feature of selectivity makes a sensor
to contribute in a different way towards different analytes. This property gives ability

to sensor to work in complex environment.
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4.3.4.5 Reproducibility, reusability and stability of sensor

To assess the reproducibility of GO-MIPs composite based sensor, three different
sensors were synthesized using the same procedure. The fabricated sensors were store
at room temperature and pressure for a period of one month. Graphene oxide composite
based sensors were e¢xposed to 50 ppm concentration of analyte and sensor response
was measure thrice. From above mentioned measurements, it was found that sensor
response was maintained upto 99.5 % with RSD ~0.27 % which indicated that the
fabricated GO/MIP composite based sensor was excellently reproducible as shown in
figure 4.28 (a). Furthermore, GO-MIPs composite based maltose sensor was stored
under normal conditions of temperature and pressure for six months. This fabricated
sensor was exposed to 50 ppm concentration of template molecule and sensor
measurements were performed at regular intervals of one month for a period of six
months under the same conditions. At zero month, the measured sensor response
{conductance) was 1006 nF. At zero month, the sensor signals were 1006 nF, after one
month, sensor showed signals of 1004 nF whereas after two months, it was 1003 nF,
for third and fourth months, sensor signals were 1002 and 997 nF, at fifth months, the

noted sensor signals were 995 nF as shown in figure 3.7 (a).

Boo §------
500 4 ------

400 §------

Sensor Respomse (wF)

0 §------

Fabrication of Molecular Imprinted Polymer based Sensors for the Detection of Mono and Disaccharides

139



ISy

Chapter 4 Fabrication of Molecularly Imprinted Polymers and Nanocomposite based
Sensors for the Detection of Maltose

Sensor Respanse (wF)
:

3

Figure 4.28: (a) Reproducibility and reusability a of three methacrylic acid based maltose sensors
prepared in the same manner (b Stability profile of maltose sensor over the period of six months.

After six months, these observations confirmed the stability of fabricated fructose
sensor by 2 % RSD value (n=6) and maintained sensor response upto 97 of maltose
sensor was also checked at 50ppm concentration with the same sensor shown in figure
4.28 (b) and relative standard deviation is less than >0.5 % and sensor response was

maintained upto 99.5 % with continuous usage.

4.4 Comparison of sensor receptors (Imprinted polystyrene,
polyurethane, polyvinyl pyrolidone and methacrylic
acid)

Selection of functional monomer is of substantial importance for the detection of sugars
by molecular imprinted polymer based sensors. Currently, different functional
monomers were frequently used for molecular recognition i.e. styrene, DPDI, N-
vinylpyrolidone and methacrylate. Styrene is a hydrophobic monomer and shows weak
interactions with template molecule. DPDI as single functional monomer can be used
for the preparation of stimuli-recognition element. DPDI can provide hydrogen binding
sites to inferact with analyte molecule. From figure 4.29, we can observe a lower

response by polyurethane (monomer) might be due to lesser number of cavities on the
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polymer surface matrix. When responses of urethane system against maltose was
compared with response of polystyrene system it was revealed that response of urethane
system was greater than polystyrene system. It may be possible that interaction of
template with n-vinyl pyrolidone system is stronger than the interaction of polystyrene
with template. As the structure and composition of n-VP are different from polystyrene
so it might be assuming that cavities generated in n vinyl pyrolidone system are stronger
which result in strong binding with template molecule i.e. maltose. The intermolecular
attractive forces are possibly dipole-dipole interactions. As hydroxyl carries partial
negative charge in maltose molecule. The extent of this dipole-dipole interaction is

different for the two polymer system because of their structural and compositional

differences.
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Figure 4.29: Comparison of different polymer systems used for the detection of maltose.

Sensor response was also measured by using Methacrylic acid as structural monomer.
With Methacrylic acid as monomer, sensor showed the highest response. It may be due
to the reason that binding sites generated by MAA were highly selective. The
interactions between MAA and maltose were stronger than other monomers. GO-MIPs

of methacrylate were also used to measure the sensor response for maltose and found
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many folds’ higher response than simple MIPs. The results obtained from different

imprinted polymers were briefly reported in table 4.1 and compared these data with

literature studies reporting fructose measurements using different electrochemical

methods.

Table 4.1 : Comparison of previously reported work with recently designed sensors.

Analyte | Detection Technique | Limit of Range of | Reproducibility | Reference
method detection | detection | (RSD)
Maltose Non- Amperometr 1 M 14 pM - - (Emelyanova
enzymatic y (1000 ppb) | 1.9 mM 2019)
Maltose Non- Cyclic 24.18 yM 0.18- 0.823 % (Xiaohong,
enzymatic | voltammetry (24100 3.47 mM Zhidong et
(CV) ppb) al. 2017)
Maltose | Non- Conductance 150 ppb | 150 ppb 0.8% Present work
enzymatic to 507 (97.8 % RSR)
(styrene as ppm
monomer) (~2
seconds)
Maltose | Non- Conductance 115 ppb | 115 ppb 1.8% Present work
enzymatic to 525 (98 % RSR)
(urethane ppm
as (=2
monomer) seconds)
Maltose | Non- Conductance 68 ppb 68 ppbto | 0.75 % Present work
enzymatic 529 ppm (99 % RSR)
(n-vinyl (~2
pyrolidone seconds)
as
monomer)
Maltose | Non- Conductance 39 ppb 39ppbto | 0.48 % Present work
enzymatic 530 ppm (99 % RSR)
(MAA as (~2
monomer) seconds)
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Maltose | Non- Conductance 16 ppb l6 ppbto | >0.5% Present work
enzymatic 600 ppm
(MAA+ (~2sec)
GO)

4.5 Conclusion

In this chapter, MIPs and GO-MIPs composites were used for the detection of maltose
and polystyrene, n-vinylpyrolidone, polyurethane and methacrylate based receptors
response was found in the following order: Styrene < Polyurethane < n-
Vinylpyrolidone < Methacrylic acid. Furthermore, to enhance the sensor response,
graphene oxide composites of acrylate based receptors are synthesized. It is found that
graphene oxide composite based sensor responses are many folds higher as compared
to that of imprinted polymers. We can conclude that methacrylate system is most
suitable for the maltose imprinting and bears high sensitivity and selectivity. While the
composite of imprinted acrylate with functionalized graphene induces higher
incorporation and moieties for the template molecules and produced higher sensor
response. The surface morphology of polyacrylate based maltose imprinted receptors
depicts the uniform generation of template identical cavities as compared to other
polymers. Hence the sensitivity, selectivity, limit of detection, reproducibility,
reusability and stability of the fabricated sensor is improved by using GO-MIPs
composite and it can have potential technological applications in field of chemical

sensors and material science.
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5.1 Introduction

Sucrose, commonly used as sweetener extracted from fruits, vegetables and sugarcane.
The high content of sugar is sucrose (Pan, Yuan et al. 2016, Tuck, Ross et al. 2017) and
animals maintain their energy level by the consumption of sucrose. It influences their
lipid metabolism and insulin efficiency (Pérez-Lopez, Mateos-Aparicio et al. 2016).
Sucrose is a disaccharide composed of glucose and fructose subunits and both sub-units
linked to each other through an oxygen atom (Head, Farbotko et al. 2013, Feng, Huang
et al. 2017, Marques, Mans et al. 2017, Head, Klocker et al. 2018). Sucrose possesses
eleven hydrogen bond acceptors and eight hydrogen bond donors with five rotatable

bonds as can be seen in figure 5.1.

HBD

HBA
HBD

HBA

C O HBARBA
HBA HBD

Figure 5.1 : 3D structure of sucrose (HBA = Hydrogen bond acceptor, HBD = Hydrogen bond donor)

Excessive intake of sucrose causes serious health issues to human beings such as
genetic sucrose-isomaltase deficiency (GSID), heart diseases, obesity and diabetes
mellitus (Sobrino-Gregorio, Vargas et al. 2017). Therefore, a rapid and efficient
quantification of sucrose is of substantial importance. Various conventional methods
and techniques are in use for the quantification of sucrose such as colorimetry (Gaddes,
Demirel et al. 2015, Gaddes, Reeves et al. 2017, Alev-Tuzuner, Beyler-Cigil et al.
2018), reverse phase high performance liquid chromatography (RP-HPLC) (Wang,
Chen et al. 2018), high performance liquid chromatography (HPLC) (Shanmugavelan,
Kim et al. 2013, Dvorackova, Snoblova et al. 2014, Ma, Sun et al. 2014, Li, Wu et al.
2018, Wang, Chen et al. 2018), florometry (Seo, Jung et al. 2014, Liu, Ding et al. 2018),
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polarimetry and near infrared spectroscopy (Pan, Zhu et al. 2015). These methods and
techniques have some limitations like complex operation, high cost and time
consumption. Therefore, there is a need for simple and low cost alternative methods,
tools and electrochemical sensors have potential to be promising tools for the detection
of sucrose contents. Chemical sensors are simple, low cost, highly stable, high
sensitivity and specific to the specific analyte and number of efforts have been made to
quantify sucrose contents by using electrochemical sensors (Kong, Pan et al. 2012,
Tang, Zhang et al. 2017). Recently, molecular imprinted polymers (MIPs) based
sensors got significant research interest to improve the analytical performance of
electrochemical sensors. The MIPs are artificially synthesized receptors with selectivity
and higher affinity in their size, shape, spatial arrangement of functional groups towards
the targeted molecule (analyte). In this chapter, we reported the fabrication of MIPs and
GO-MIPs (nanocomposite) based sensors using different polymeric systems (styrene,
vinyl-pyrolidone, urethane and acrylate) and cross-linker ratios. The synthesized
receptors were characterized by FT-IR, SEM and TGA. Furthermore, real-time sensor
measurements have been performed to assess the various sensor parameters by
exposing fabricated sensor to different concentrations of sucrose and other competing

species.
5.2 Experimental section

5.2.1 Chemicals and materials

For the synthesis of NIP, MIPs and GO-MIPs composite based sucrose sensors,
following chemicals such as glucose (99.5 %), sucrose (99 %), maltose (99 %), fructose
(99 %), dimethyl sulphoxide (DMSO, 99.7 %), n-vinyl pyrolidone (99 %), 4,
4’diphenylmethanediioscyanate (DPDI; 98 %), phloroglucinol (PG; 99 %), bisphenol
A (BPA; 299 %), chloroform, methacrylic acid (MAA; 99 %), styrene and 2,2'-
azobisisobutyronitrile (AIBN; 99 %) and ethylene glycol dimethacrylate (EGDMA;
98%), acetone (> 99 %), methanol (99.8 %, anhydrous), ethanol (99.8 %, anhydrous)

were purchased from Merck and Sigma Aldrich with the maximum available purity.

5.2.1.1 Synthesis of styrene based molecularly imprinted polymer (PS-MIP)
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4.3x10* mM of styrene, 2.6x10™* mM of ethylene glycol dimethacrylate (EGDMA), 2
mg of AIBN as free radical initiator were mixed into an eppendorf tube. To the above
solution, 500uL of dimethyl sulfoxide (DMSO) as solvent and sucrose (2 mM) were
added and vortex it to obtain homogenized solution. Then mixture was polymerized

into water bath at 70 °C for 45 minutes till transparent gel point is reached.
5.2.2 Synthesis of non-imprinted polymer (PS-NIP)

Non-imprinted polymer (reference) was also synthesized exactly in the same way
without adding template (sucrose). Styrene (4.3x10* mM), 2.6x10* mM of ethylene
glycol dimethacrylate (EGDMA), 2 mg of AIBN as free radical initiator were mixed
into an eppendorf tube. To the above solution, 500uL of dimethyl sulfoxide (DMSO)
as solvent and vortex it to obtain homogenized solution. Then mixture was polymerized

into water bath at 70 °C for 45 minutes till transparent gel point is reached.

S.2.3 Synthesis of n-vinyl pyrolidone based molecularly imprinted
polymer (VP-MIP)

Poly(vinylpyrolidone) based MIP was synthesized by following this method. Vinyl

pyrolidone (4.6 x10*mM, 2.6x10* mM of EGDMA were mixed into an eppendorf

having 500 pL (4 mmole sucrose solution in DMSO) of sucrose solution. After

homogenizing, 4mg of AIBN was added to above mixture and vortex. The resultant

solution was heated to 60 °C for 45minutes in water bath till a transparent gel point was

attained.
5.2.4 Synthesis of non-imprinted polymer (NVP-NIP)

NVP-NIP was prepared without adding template (sucrose) molecule in the same way
as MIP was synthesized. Poly(vinylpyrolidone) based MIP was synthesized by
following this method. Vinyl pyrolidone (4.6 x10* mM), 2.6x10* mM of EGDMA
were mixed into an eppendorf having 500 uL of DMSO, 4 mg of AIBN was added to
above mixture and vortex. The resultant solution was heated to 60 °C for 45 minutes in

water bath till a transparent gel point was attained.
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5.2.5 Synthesis of methacrylic acid based molecularly imprinted
polymer (MAA-MIP)

Sucrose imprinted polymer was synthesized by mixing 5.8 x10"* mM of methacrylic

acid (MAA) as functional monomer, 2.6x10"* mM of EGDMA as cross linker, 4 mg of

AIBN as free radical initiator and 500 pL of DMSO as solvent. 2 mg (2 mM) of sucrose

was added to the above mixture as template. The mixture was vortex for 5 minutes to

homogenize and then place in water bath at 60 °C for 45 minutes to polymerize.
5.2.6 Synthesis of non-imprinted polymer (MAA-NIP)

NIP was prepared in the same manner without adding the template (sucrose). Sucrose
imprinted polymer was synthesized by mixing 5.8x10™* mM of methacrylic acid (MAA)
as functional monomer, 2.6x10* mM of EGDMA as cross linker, 4 mg of AIBN as free
radical initiator and 500 pL. of DMSO as solvent. The mixture was vortex for 5 minutes

to homogenize and then place in water bath at 60 °C for 45 minutes to polymerize.

5.2.7 Synthesis of urethane based molecularly imprinted polymer
(PU-MIP)

Polyurethane based maltose imprinted receptors were synthesized using 50 to 50 ratio

between monomer and cross-linker. Urethane based receptors were synthesized by

1.9x10° mM of phloroglucinol (PG), 8 x10°® mM of bisphenol A and 3.6x10° mM of

DPDI was vortexed in 1 mL of DMSO. Sucrose (2 mmole) was added and homogenized

by vortex. The resultant solution.was heated for 30 minutes at 45 °C in water bath till

gel point was obtained which indicated the synthesis of maltose imprinted polymer.
5.2.8 Synthesis of non-imprinted polymer (PU-NIP)

PU-NIP was also prepared in the same way without adding sucrose as template
molecule. Urethane based receptors were synthesized by 1.9x10° mM of
phloroglucinol (PG), 8 x10° mM of bisphenol A and 3.6x10° mM of DPDI was
vortexed in 1 mL of DMSO The resultant solution was heated for 30 minutes at 45 °C
in water bath till get point was obtained which indicated the synthesis of sucrose

imprinted polymer.

Fabrication of Molecular Imprinted Polymer based Sensors for the Detection of Mono and Disaccharides

148



4

o

Chapter 5 Fabrication of Molecularly Imprinted Polymers and Nanocomposite based
Sensors for the Detection of Sucrose

5.2.9 Synthesis of polyurethane based graphene oxide (PU-GO-MIP)
composite

Graphene oxide composite of molecularly imprinted urethane was synthesized by
adding 0.5 mg of graphene oxide in 600 pL of imprinted DPDI, sonicate and a

suspension of PU-GO-MIP composite was achieved.
5.2.10 Immobilization of NIPs, MIPs and GO-Composite onto IDEs

IDEs were washed with methanol and de-ionized water. 5 pL of polymer (MIP) was
spin coated onto IDEs at a speed of 2000 rpm and dried in oven for 18hrs to completely
adhere the polymer thin film on IDEs.

3.2.11 Removal of template from MIPs

To remove the template from imprinted polymer matrix, IDEs were placed into
deionized water and constantly stirred by magnetic stirrer for 3 hours at room

temperature.

5.3 Results and discussion

5.3.1 Characterization and sensor measurements of styrene system
based receptors

5.3.1.1 Characterization of synthesized receptors by FTIR spectroscopy and
scanning electron microscope (SEM)
To assess the functional group modification of synthesized NIP and MIPs, ATR-FTIR

analysis was performed.
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Figure 5.2: FT-IR spectra of non-imprinted and imprinted polystyrene based sucrose sensor.
FTIR spectra for polystyrene system was observed in the range from 600-4000 cm™'.
The characteristic peak at 900-1100 cm™! indicates the presence of glucose in case of
both MIP and GO-MIP whereas absence of this peak in NIP spectra confirms the
removal of glucose. The absorption peak at 3000-3400 cm™! was attributed to stretching
vibrations of ~OH of sucrose and confirms the hydrogen bond formation which is
absent in NIP. The peak at 2800-2900 cm™! were assigned to the sp? (CH) aromatic
rings. By comparing the peaks present with MIP and GO-MIP, were found absent in
NIP.

To study the surface morphology of NIP and MIP, scanning electron microscope was
used. For thin films generation, receptors were coated onto a glassy substrate.
Microscopic images showed that NIPs have very smooth surface while the images of
imprinted polymers showed high surface roughness due to the swelling of polymer on
the incorporation of template molecules within the polymeric matrix as shown in figure
5.3. The SEM images showed that micro and nanostructures have been produced in the

imprinted polymer surface due to swelling of polymer surface and porogenic effect
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during polymerization while such structures have not been observed in the micrographs

of NIPs

Figure 5.3: SEM images of (a) NIP and (b) MIP polystyrene based sucrose receptors.

5.3.1.2 Sensitivity measurements of fabricated sensor

To develop sucrose imprinted electrochemical sensor, the receptors were coated onto
the IDEs and exposed to different concentrations of analyte ranging from 1 ppm to 50
ppm. At 0 ppm, the observed capacitance was 0 and at 1 ppm, 5 ppm, 10 ppm, 20 ppm,
30 ppm, 40 ppm and 50 ppm of sucrose, the sensor responses of 18 nF, 34 nF, 67 nF,
107 nF, 144 nF, 185 nF and 227 nF have been observed respectively with the lowest
limit of detection ~83 ppb of sucrose. The obtained electrochemical results
demonstrated that newly fabricated sensor was highly sensitive even at very low
concentration of 1ppm as shown in figure 5.4 (a). The NIP was also exposed to the
same concentrations of analyte and sensor signals were found very less. The linearity
of sensor was also assessed by linear regression analysis of obtained sensor responses
at different concentrations of analyte (0-50 ppm) and the sensor showed linear response
with a linear co-efficient of regression (R?) of value 0.99 as can be seen in figure 5.4
(b). The sensor showed a change in signals from 18 nF to 227 nF towards 1 ppm to 50
ppm concentrations of sucrose which indicates the concentration dependent linearity of
sensor signals which is due to the change in number of sucrose molecules incorporated

in sensor moieties.
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Figure 5.4: (a) Sensitivity response of NIP and MIPs based polystyrene sucrose sensor at different
concentrations (0-30 ppm) and {b) Linear regression analysis of sucrose sensor.

The increase of capacitance might be due to the -OH (hydroxyl) group present in
sucrose with upper detection limit of 520 ppm which was trapped within the molecular
cavities present in polymeric matrix coated onto [DEs. The sensor exhibits an excellent

£ reversibility when subjected to zero concentration of sucrose solution,
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Figure 5.5: The extraction and rebinding of template into polystyrene based suctose receptors.
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Styrene monomer is hydrophobic in nature with no special functionality and the role it
may assist in formation of sucrose imprint within polymer matrix where it could
specifically fix and coordinate with the crosslinking agent, EGDMA. It thus makes the
shape and geometrically fit sieves in MIPS that make it capable of selective
incorporation of template molecules. While the behavior of sensor with NIPs as
recognition materials is not influenced by the change in concentration. By employing
the bulk imprinting technique, artificial receptors were synthesized by structuring the
surface imprinted polymer of sucrose with particular template for the sucrose detection.
Various non-covalent interactions such as hydrophobic interactions, dipole-dipole
interactions, hydrogen bonds and n-m interactions are supporting the reversibility of
sensor instead of strong covalent bonds. Figure 5.5 shows the non-covalent interactions
between analyte (sucrose) and functional monomer (styrene). As a result, an appropriate
polymer must have affinity counterparts with the analyte being able to develop an exact
structure of template molecule which is more or less fixed by cross-linker. In this case
polystyrene layer consisting of styrene and ethylene glycol dimethacrylate (EGDMA)
turned into a feasible receptor layer for the detection of sucrose. The pattern produced
on the sensitive layer is actually attained by bulk imprinting with sucrose molecule. In
this way, receptor cavities are produced on the sensitive layer for reversible insertion
of sucrose. For successful imprinting process, sensor response by selective analyte
recognition is a proof, particularly comparing non-imprinted and imprinted thin film

coating.

5.3.1.3 Selectivity analysis of sensor

To assess the quality of a sensor, selectivity is an important parameter. For this purpose,
sucrose imprinted polymer based sensor was exposed to different competing species
such as maltose, fructose, glucose and n-hexane at specific concentration i.e. 50 ppm.
The sensor signals obtained with analyte was 227 nF whereas for maltose, fructose,
glucose and n-hexane were 10 nF, 7 nF, 7 nF and 5 nF respectively. From these
observations, we can say that each sensor exhibits the highest sensor response to its
template molecule and very minute sensor response was found against different

interfering molecules. Sensor measurements ensure the successful imprinting pattern
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achieved by bulk imprinting technology. This technique in response might produce
sterically and chemical induced fit cavities for the insertion of template molecule. The
most prominent sensor response was observed by templated species i.e. sucrose
whereas a very minute sensitivity was achieved for maltose and sucrose fabricated
sensor retained insensitive to fructose, glucose and n-hexane. Selectivity studies to
fabricated sensor were performed by styrene imprinted polymer with maltose

(geometrical difference and specific spatial).
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Figure 5.6: Selectivity analysis of polystyrene based sucrose sensor against different competing
molecules at 50 ppm.

Selectivity analysis is an important feature of imprinting. The moieties developed after
extractions of the template molecules are complementary identical to the imprinting
species in size, shape and coordination geometries which leads to substantial selectivity
of fabricated sensor. The sensor selectivity response demonstrates whether a fabricated
sensor is suitable for the sample, in which number of competing molecules with highly
identical mass, structure and chemical properties are present along with the analyte of

interest. Therefore, it is important to analyze if the sensor is selective for the molecule

of interest or not.
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5.3.1.4 Reproducibility, reusability and stability

To investigate the reproducibility, three different sucrose imprinted sensors were
synthesized at the same time using the same method of synthesis and stored at room
temperature and pressure. After one month, the sensitivity was assessed by exposing
the sensor to specific concentration i.e. 5¢ ppm of sucrose as shown by figure 5.7 (a).
The obtained relative standard deviation (RSD) of 0.5 % signifies the effective
reproducibility of fabricated sensor with continuous usage. In addition, 99 % of sensor
response was maintained which also indicate that sucrose MIP based sensor possesses
excellent reproducibility. To assess the stability of fabricated sensor, sucrose imprinted
sensor was synthesized using the same procedure and stored under normal conditions
of temperature and pressure. The fabricated sensor was exposed to specific
concentration of template molecule every month for a period of six months and sensor
response was noted. At zero month, the sensor response was 227 nF, after one month,
it was 225 nF. For second, third, fourth and fifth months, the measured sensor responses
were 224 nF, 220 nF, 218 nF and 216 nF respectively as shown in figure 5.7 (b). From
these observations, the calculated RSD value of 1.9 % indicated that the fabricated
sensor is highly stable under the above mentioned conditions. These measurements

confirm the excellent reproducibility and stability of the fabricated sensor.
(a) S0ppe Shppm Fippon

Sensor 1
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Figure 5.7: (a) Reproducibility and reusability of three polystyrene based sucrose sensors prepared in
the same manner (b} Stability profile of sucrose sensor over the period of six months.

5.3.2 Characterization and sensor measurements of r-vinyl
pyrolidone system based receptors

5.3.2.1 Characterization of synthesized receptors by FTIR spectroscopy and
scanning electron microscope (SEM)

FTIR analysis was performed to study the functional group modification of n- vinyl
pyrolidone based receptors (MIPs and NIPs) during polymerization. To study the
chemical structure of thin films of imprinted and non-imprinted polymers, FTIR was
plotted between wave number and % transmittance. A peak was observed at 2980 cm'!
as shown by figure 2.3, due to stretching vibrations of sp* (CH), while C-O-C stretching
vibration was found at 1160 cm'. The ester group of EGDMA showed a characteristic
stretching band at 1734 cm'. The peak at 1425 cm™! was found a representative peak
of C=N, C=C due to the stretching of pyridine group present in n-vinylpyrolidone.
These major peaks in spectra showed that the polymerization occurred and imprinted
polyvinyl pyrolidone were achieved by free radical polymerization of EGDMA and VP
shown in figure 5.8.
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Figure 5.8: FT-IR spectra of non- imprinted and imprinted polyviny| pyrolidone based sucrose
receptors.

To assess the surface morphology of MIP and NIP receptors, scanning electron
microscope was used. The synthesized receptors were coated onto the glass substrate
to obtain the thin films of fabricated receptors. The MIPs based receptors showed highly
porous and rough surface while non-imprinted polymer possess very smooth surface as
shown in figure 5.9. The SEM images showed that microstructures present on the
imprinted receptor surface were due to the swelling of polymer on the incorporation of
template within polymer matrix. NIP has very smooth surface because such structures
have not been seen on NIP thin film. Different morphology of both MIP and NIP

indicated the successful polymerization of polymers.
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Figure 5.9: SEM images of (a) NIP and (b) MIPs of polyvinyl pyrolidone based sucrose receptors.

53.2.2 Sensitivity measurements of fabricated sensor

After the functional group and surface morphological characterization of both
imprinted and non-imprinted polymer based receptors, these were immobilized onto
transducer system for the sensing of sucrose. The fabricated sensor was exposed to the
different concentrations (0 ppm, 1 ppm, 5 ppm, 10 ppm, 20 ppm, 30 ppm, 40 ppm and
50 ppm) of sucrose. At 1 ppm concentration of analyte, sensor response was 22 nF.
Sucrose sensor exhibited sensor signals of 22 nF, 50 nF, 81 nF, 113 nF, 175 nF, 241 nF
and 315 nF against different concentrations of 1-50 ppm respectively. While response
of non-imprinted (NIP) was very low at the same concentrations and significant
difference of sensor response was found between MIPs coated IDE and NIPs coated
IDE because of availability of imprinted cavities/selective molecular imprints on the
surface of imprinted polymer based receptors. As the concentration of sucrose
increases, sensor response (conductance) also increases which means that sensor
response is concentration dependent. The linear regression analysis of sensor responses
at different concentrations of analyte (0-50 ppm) depicts the linearity of sensor with a
co-efficient of regression (R?) of value 0.99 as can be seen in figure 5.10 (a) and (b).
Increase in the conductance upon increasing the template concentration leads to
saturation point at a higher concentration due to complete filling of cavities in the
domain of polymer via adsorption of template molecule and saturation limit of ~525

ppm was recorded from the sensor response of fabricated sucrose sensor.
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Figure 5.10: Sensitivity response of imprinted and non-imprinted polyvinyl pyrolidone based maltose
sensot at different concentrations {0-50 ppm) and {b) Linear regression analysis of sucrose sensor,

While the sensor showed the lower limit of detection of ~68 ppb towards the sucrose.
On the other hand, NIP does not show any significant change in its response due to lack
of binding capacity towards analyte. The non-covalent interactions between the
template molecules and polymeric matrix may base on the interaction of functional
monomer and sucrose, the OH group present on sucrose interact with C=0 group of
vinyl pyrolidone while the EGDMA provides support in form of polymerization to
generate cavities within polymer matrix. receptors. The possible interactions between
template molecules and polymer matrix can be seen in figure 5.11 where dipole-dipole

force and hydrogen bonding cause the interaction between template molecule and

imprinted cavities.
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Figure 5.11: The extraction and rebinding of template inte n-vinylpyrolidone imprinted sucrose

The capacity of an analyte to not recognize other interfering molecules is based on the

same shape, same size and similar electro-activity of the designed sensor.

5.3.2.3 Selectivity analysis of sensor

Selectivity is a fundamental parameter of chemical sensor for its real-time application.
Responses of fabricated sucrose sensor were recorded against different competing
molecules such as maltose, fructose, glucose and n-hexane at 50 ppm concentration of
analyte under similar conditions as shown in figure 5.12. The sensor response exhibited
by specific analyte (sucrose) was 315 nF at 50 ppm concentration of template molecule
while sensor showed a response of 9 nF, 8 nF and 3 nF for maltose, fructose, glucose
and n-hexane respectively. The fabricated sensor showed a substantially higher
response towards sucrose as compared to other structurally resembling molecules due

to selective incorporation of sucrose molecules within polymeric receptors.
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Figure 5.12: Selectivity analysis of sucrose sensor against different competing molecules at 50ppm

n-Hexane also has negligible selectivity response attributed by structural resemblance
because hexane molecules may not be entrapped in the selective cavities of template

i.e. sucrose due to geometrical difference.

5.3.2.4 Reproducibility, reusability and stability

Reproducibility and stability are the most important parameters for chemical sensor

practical applications.

Semsor 1 Semsor 2 Sensor 1
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Figure 5.13: (a) Reproducibility and reusability a of three polyvinyl pyrelidone based sucrose sensors
prepared in the same manner (b) Stability profile of sucrose sensor over the period of six months.

For reproducibility anaiysis, three different sensors were synthesized by following the
same procedure and stored at room temperature and pressure for one month. After one
month, these fabricated sensors were exposed to 50 ppm concentration of analyte and
sensor response was measured as depicied from figure 5.13 (a). From the above
observations, the RSD value of 0.3 % indicating a relatively good sensor reproducibility
under above mentioned conditions and maintained its sensor response of 99 % after
regular usage. Stability of sucrose sensor was also performed by storing the fabricated
sensor at room temperature and pressure for six months. After each month, sensor
response was measured and found a slight decrease in sensor response after every

month and maintained sensor response upto 98 %as can be seen in figure 5.13 (b).

5.3.3 Characterization and sensor measurements of methacrylic acid
based receptors

5.3.3.1 Characterization of synthesized receptors by FTIR spectroscopy and
scanning electron microscope (SEM)

To examine the functional group modification of NIP and MIPs of methacrylate based

receptors, FTIR analysis was performed. FTIR spectra was obtained in the range of

5004000 cm™'. FTIR spectra for acrylate based receptors was obtained in the range of

700-3900 cm! as shown in figure 5.14. Spectra of MAA and EGDMA showed -C=C
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stretching frequency at 1650 cm™. The peaks at 1670-1515 cm! are vibrational peaks
indicating C-H stretching and C-H bending of polymer chains. The characteristics
peaks centered at 1035-1149 cm! indicated the presence of polysaccharides in MIP.
The absorption peak at 3200-3400 cm'' was attributed to stretching vibrations of -OH
of glucose. The peak at 1702 cm®! shows the presence of ester group in the matrix and

the other extra peaks are attributed to free radicle polymerization.

MIP
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Figure 5.14: FT-IR spectra of imprinted and non-imptinted methacrylic acid based sucrose receptors
FTIR spectra provided confirmation for the successful preparation of non-imprinted

and imprinted polymer based receptors.

Figure 5.15 : SEM images of (a) NIP and (b) MiPs of methyacrylic acid based sucrose receptors.
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To examine the surface morphology of polyvinyl pyrolidone based sucrose receptors,
scanning electron microscope was used. These receptors were coated onto a glass
substrate to obtain thin films of fabricated receptors and microscopic images of the
molecular imprinted polymer and non-imprinted polymer (NIPs) showed in figure 5.15.
The SEM images showed that micro and nanostructures have been produced in the
imprinted polymer surface due the swelling of polymer on the incorporation of template

within the polymer matrix while such structures have not been seen in NIP

5.3.3.2 Sensitivity measurements of fabricated sensor

To develop sucrose imprinted electrochemical sensor, the receptors were coated onto
the IDEs and exposed to different concentrations of analyte ranging from 1 ppm to 50
ppm. At 0 ppm, the observed capacitance was ¢ and at 1 ppm, 5 ppm, 10 ppm, 20 ppm,
30 ppm, 40 ppm and 50 ppm of sucrose the sensor responses of 38 nF, 99 nF, 139 nF,
212 nF, 298 nF, 397 nF and 505 nF have been observed respectively. The obtained
electrochemical results demonstrated that newly fabricated sensor was highly sensitive

even at very low concentration of | ppm as shown in figure 5. 16(a).
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Figure 5.16: (a) Sensitivity response of NIP and MIP of methacrylic acid based sucrose sensor af
different concentration (0-50¢ ppm} (b} Linear regression analysis of sucrose sensor.
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The NIP was also exposed to the same concentrations of analyte and sensor signals
were found very less. The linearity of sensor was also assessed by linear regression
analysis of obtained sensor responses at different concentrations of analyte (0-50 ppm)
and the sensor showed linear response with a linear co-efficient of regression (R?) of
value 0.99 as can be seen in figure 5.16 (b). The sensor showed a change in signals
from 38 nF to 505 nF towards 1 ppm to 50 ppm concentrations of sucrose which
indicates the concentration dependent linearity of sensor signals in the range of ~39 ppb
to 520 ppm which is due to the change in number of sucrose molecules incorporated in
sensor moieties. The increase of capacitance might be due to the -OH (hydroxyl) group
present in sucrose which was trapped within the molecular cavities present in polymeric
matrix coated onto IDEs. The sensor exhibits an excellent reversibility when subjected
to zero concentration of sucrose solution. Increase in the conductance upon increasing
the template concentration leads to saturation point at a higher concentration because
of complete filling of cavities in the domain of polymer via adsorption of template
molecule. For measuring sensitivity of molecular imprinted polymer, nanomolar (nM)

concentrations can be detected.
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Figure 5.17: The rebinding and removal of template from methacrylic acid based sucrose receptors.

After washing the sensor with de-ionized water, its response again reaches to its initial
value which means the sensor shows complete reversibility and regeneratability. While

the sensor possesses the lower limit of detection of ~39 ppb towards the sucrose. On
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the other hand, NIP does not show any significant change in its response due to lack of
binding capacity towards analyte. Higher sensor response may be due to the key and
lock mechanism. The non-covalent interactions between the template molecules and
polymeric matrix may base on the interaction of crosslinking agent and sucrose and the
OH group of sucrose may interact with —COOH group of methacrylic acid while cross-
linker (EGDMA) the provides support in form of polymerization to generate cavities
within polymer matrix. The possible interactions between template molecules and
polymer matrix can be seen in figure 5.17 where dipole-dipole force and hydrogen

bonding cause the interaction between template molecule and imprinted cavities.
5.3.3.3 Selectivity analysis of sensor

To assess the selectivity of polyacrylate based sucrose sensor, four different competing
molecules were used which are functional and structural analogues of sucrose such as
maltose, fructose, glucose and n-hexane. The sensor response was measured by
monitoring the reduction in signals of MIP and NIP at 50 ppm concentration of
templated molecule (sucrose) in the presence of these interfering species. The sucrose
imprinted sensor was exposed to specific concentration of 50 ppm of template (sucrose)
molecule and it showed the sensor response of 505 nF while maltose showed a response
of 6n F, for fructose and glucose, it was 5 nF for both competing species. The observed
sensor response for n-hexane, another competing molecule showed response of 2 nF as
can be seen from figure 5.18. MIP based sensor showed at least twenty-four times more
response for sucrose molecule than a non-imprinted polymer (NIP). It is evident from
these measurements that in case of competing molecules, there is no significant
difference in the sensor signals showed by MIP and NIP. 1t is fascinating to know that
though maltose has probably similar structure as sucrose, the observed response is very
negligible than for sucrose. This fabricated sensor exhibited eighty-four times lower
response for maltose, one hundred and one times higher than fructose and glucose and
one hundred and two hundred and fifty-two folds higher than n-hexane shown in figure

5.18. These mentioned results revealed the high selectivity response of proposed sensor.
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Figure 5.18: Selectivity analysis of methacrylic acid based sucrose sensor against different competing
molecules at 50 ppm.

Sensor Response (nF)

High specificity response of sensor mainly attributed by the selective recognition sites
and not merely the cavities which reproduces the phenomenon of imprinting during the
polymerization corresponding to size, shape, geometry and adjustment of functional

groups.

5.3.3.4 Reproducibility, reusability and stability

To investigate the reproducibility of polyacrylate based sucrose sensor, three different
sensors were synthesized thrice and kept at normal temperature and pressure for one
month. After above mentioned time period, these sensors were exposed to 50 ppm
concentration of analyte and sensor response was measured. From these observations,
<0.4 % of RSD value indicated that sucrose sensor is highly reproducible under room
temperature and pressure with retained sensor response of 99 % as shown in figure 5.19
(a). To access the stability of fabricated sensor, a sucrose senor was produced by
following the similar method of synthesis and stored at normal conditions of
temperature and pressure for a period of six months. The fabricated sensor was exposed
to 50 ppm concentration of template molecule and sensor response was measure after

every month for a period of six months as depicted in figure 5.19 (b).
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Figure 5.19: (a) Reproducibility and reusability a of three methacrylic acid based sucrose sensors
prepared in the same manner (b) Stability profile of sucrose sensor over the petiod of six months.

The obtained relative standard deviation (RSD} of 0.75 % signified the effective
stability of 50 ppm concentration with continuous usage. In addition, 99 % of sensor
response was maintained which also indicated that sucrose sensor possesses excellent

stability.
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5.3.4 Characterization and sensor measurements of urethane system
based receptors

5.3.4.1 Characterization of synthesized receptors by FTIR spectroscopy and
scanning electron microscope (SEM)

To assess the functional group modifications for NIP, MIPs and GO/MIPs composite
during polymerization, FTIR analysis was performed. FTIR spectra was obtained in the
range of 500- 4000 ¢cm''. In this polymer matrix, N-H characteristic absorption peak
was found at 3328 cm! due to the presence of hydrogen bond in the urethane linkage
and urea groups. Carbonyl group showed stretching vibrations at 1726 cm™'. The
stretching vibrations of ester (C(0)-C) was present at 1126 ¢cm™'. The carbony! peak
(C=0) around 1700 cm™! due to ester-polyels and urethane.
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Figure 5.20: FT-IR spectra of imprinted, non-imprinted and GO-MIPs composite polyurethane based
SuCrose receptors.

Te examine the surface morphology of NIP, MIPs and GO/MIPs composite,
polyurethane based sucrose receptors were characterized by scanning electron
microscope. Microscopic images showed that functionalized graphene composite based
receptors were completely embedded to MIPs based receptors and also revealed that
functionalized graphene adhered with PU/MIPs. Furthermore, micro-sized pores were
present on the surface of MIPs due to swelling of polymer on the incorporation of
template molecule within the polymer matrix whereas NIP exhibited non-porous and

highly smooth surface. Therefore, topography of NIP, MIPs, and GO-MIPs composite
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are extremely different from each other which indicates the effective polymerization of

different polymers.

Figure 5.21: SEM images of (a) NIP (b) MIPs and (c) GO/MIPs composite of polyurethane based
sucrose receptors.

5.3.4.2 Thermogravimetric (TGA/DTA) analysis

Thermogravimetric analysis was performed for the stability of non-imprinted,
imprinted polymer and functionalized graphene based composite. TGA/ DTA profile
was examined in the temperature range of 25-600 °C under nitrogen atmosphere. NIP
shows an initial weight loss of -1.579/5.32 mg from 23.22 °C to 302.75 °C temperature
which is due to the loss of solvent and water loss. The loss of mass between 125 °C and
400 °C is basically removal of water or -OH (hydroxyl! group) condensation. The weight
loss initiates from 400 °C is because of breakdown of imprinted polymer coatings (Li,
Zhao et al. 2018).

Fabrication of Molecular Imprinted Polymer based Sensors for the Detection of Mono and Disaccharides

170



if

if

Chapter 5 Fabrication of Molecularly Imprinted Polymers and Nanocomposite based
Sensors for the Detection of Sucrose
TGA oTA
myg uly
33.00 ( ) T stan 135 1 s0.00
e L 302 735
LTa ‘\_\ VimMgt Loes -1 §Tmyg
g4 00 —— TOA e
T TN 4B —— 1 40.00
™ \‘_‘___'_,.._--—"" A
83 o0 E St 05 10¢
e €ng 91 suc
/-"'f.' KEZE -a Wnght Lo 400Tmp 20.00
32 00f s \
-~ 5
=
i - _ { 0.00
s1.000 T "
79 89c
~
1 -20.00
8000+ o~ ———
300 100.00 700.00 300.00 400.00 500.00 §00.00
Tamp [C}
TGA oA
myg L
206 420
0.0 - KE
(b) ~. “tam X / “ B S
N Frn T3 4TS ,’ S, e 4 30.00
DTa £ Wihgi Loss -1 pEOPg —
' - /
- e ;
L b {20.00
2 //’ and 56
. “r'
= —— . 4 10.00
-3.0 f o,
; Shrl WA
/ ~ €na £98 74C
. g LB -2 S04y 4 0.00
X \\ \ 0.0
»
iy
\ 47, P : "
.00 N / rarans '\._ .10 00
Sedac _ — —
5.00 180 .00 200.00 300 00 400.00 $00.00 $00.00
Temp [C)
TaA a3 o
my v
&0 00
o. -
(c) . Lot d 34 29C
- &na ITI RS
1.0 e e OTA . Wght L oss 1Rgg 40 00
T8 K o e
‘\ —_— //f—
-2.0 ' e ——— ™ kS §
N T w62 47C - 977 34T 20 00
-
- _/
3.0 — \/! — a.00
\‘\ \\J K e - av/ adc;
-, ap 27¢ 142 SRC O whan PIEET 20,00
~ Eng ANT DAL .
"“"\ weakiLog s 1 Iwhmyg
5.0 oo o L
—_— _ i 40 00
o oh 100.04 200,90 00 00 400.00 $00.00 &00_00
Temp [C]

Figure 5.22: TGA and DTA curves of (a) NIP (b) MIPs and (¢} GO-MIPs composite of polyurethane

based sucrose receplors.

In the second phase, mass loss was -4.007 mg between a temperature of 305,10 *C and
591.69 °C shown in figure 5.22 (a) and total mass loss of NIP was -5.586/5.32 mg (-

105 %). In case of molecular imprinted polymer, a very small weight loss was noted (-
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3.060 mg) from temperature range of 21.12°C-339.47°C. In second shift, very minute
mass loss of -2.515 mg was observed between a temperature of 339.47 °C - 596.74 °C.
The total mass loss of -5.189/5.75 mg (-3.891 - 1.298 mg= -90.24 %) as shown in figure
5.22 b. In case GO-MIP nanocomposite, first mass change starts from 34.28 °C and
ends at 373.47 °C with mass loss of -3.891/5.86 mg. The second shift of mass change
starts at 373.23 °C and stopped at 597.58 °C bears a weight loss of -1.289/5.86 mg. The
overall weight loss of GO-MIP nanocomposite was -5.18 mg (-88.39 %). The presence
of peaks in case of DTG curve at 25-600 °C is related to the weight losses of TG curves,
The trend of mass loss in NIP and MIPs are related to GO/MIPs apart from the total
loss is highly negligible in case of All NIP, MIPs and GO/MIPs composite,
Furthermore, these results indicated that NIP, MIPs and GO/MIPs have been

synthesized successfully with excellent thermal stability.

5.3.4.3 Sensitivity measurements of fabricated sensor

After coating of polyurethane based sucrose receptors onto IDEs and washed to
generate cavities within polymeric matrix, the fabricated sensor was exposed to various

concentrations of sucrose to assess its sensitivity profile.

NP
™) *
&0 - @ MP L o o
EY-T VRS 2N R
L
0 ?‘“ R IR DUSUS
i Hppm
g - -
i
80--5 w ‘. ---------------------- R B
bl Mgpm

Senser Recpants (nF)
2
.. T
.
]
l
.
|

°LM Dppas,
_1oP g s —

Fabrication of Molecular Imprinted Polymet based Sensors for the Detection of Mono and Disaccharides

172



2]

Chapter 5 Fabrication of Molecularly Imprinted Polymers and Nanocomposite based
Sensors for the Detection of Sucrose

Figure 5.23: {a) Sensitivity response of MIP and NIPs of polyurethane based sucrose sensor at different

concentration {0-50 ppm) (b} Linear regression analysis of sucrose sensor.

At Oppm, the observed capacitance was 0 and at 1 ppm, 5 ppm, 10 ppm, 20 ppm, 30
ppm, 40 ppm and 50 ppm of sucrose the sensor responses of 49 nF, 129 nF, 178 nF,
302 nF, 432 nF, 542 oF and 679 nF have been ohserved respectively with the lowest
limit of detection ~31 ppb of fabricated sensor. The obtained electrochemical results
demonstrated that newly fabricated sensor was highly sensitive even at very low
concentration of 1 ppm as shown in figure 5.23 (a). The NIP was also exposed to the
same concentrations of analyte and sensor signals were found very less. The linearity
of sensor was assessed by linear regression analysis of obtained sensor responses at
different concentrations of analyte (0-50 ppm) and the sensor showed linear response
in the range of ~31 ppb to 528 ppm with a linear co-efficient of regression (R?) of value
0.99 as can be seen in figure 5.23 (b). The increase in sensor response {capacitance)
might be due to the -OH (hydroxyl) groups present in sucrose which were trapped
within the molecular cavities present in polymeric matrix coated onto IDEs. The MIPs
coated sensor yields substantially higher response as compared to NIPs due to the

presence of structurally related cavities present on the surface of MIP.
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Figure 5.24: The rebinding and removal of template from polyurethane based sucrose receptors.

The non-covalent interactions play an important role in the removal of template

molecule including electrostatic, Vander waals interactions, n-x stacking forces and
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hydrogen bonding etc. These forces between the template molecules (sucrose) and
polymeric matrix depends on the interaction of crosslinking agent and the -OH group
present with sucrose interact with DPDI while the Bisphenol A provides support in
polymerization to generate cavities within polymer matrix. The possible interactions
between template molecules and polymer matrix can be seen in figure 5.24 where
dipole-dipole force and hydrogen bonding (between N-H group of DPDI and -OH of
fructose) cause the interaction between template molecule and imprinted cavities.

In order to enhance the sensor response, functionalized graphene was used due to its
excellent mechanical and electrical properties. Graphene oxide also has a very large
surface area and therefore, more chances for the successful collisions to increase the
sensitivity behavior of the sensor. The use of functionalized graphene helped to develop
a more homogeneous and accessible distribution of binding sites on the composite
surface which increased the fast, rapid, regular and homogeneous adsorption dynamics.
Furthermore, it eliminates interference and helps to improve the sensor response.
Graphene oxide based imprinted composite was also exposed to different
concentrations of analyte and exhibited a highly linear and improved sensor response
as shown in figure 5.25 (a). The sensor was exposed against different concentrations
i.e. 0-50ppm and obtained sensor response was 94 nF, 189 nF, 269 nF, 482 nF, 683 nF,
809 nF and 1107 nF respectively. By increasing the concentration of template molecule,
sensor response also increases which proves the linearity of sensor with linear
regression constant (Rz) =0.99 as shown in figure 5.25 (b). The lowest limit of detection

was ~16 ppb with upper detection point ~600 ppm for the fabricated sucrose sensor.
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Figure 5.25: (a) Sensitivity response of GO-MIPs composite and NIF of polyurethane based sucrose
sensor at different concentrations (0-50 ppm) (b} Linear regression analysis of suctose sensor,
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Figure 5.26: Comparison of sensor response of MIP, NIPs and GO-MIPs composite of polyurethane
based sucrose sensor at different concentrations of sucrose {0-50 ppm).

The topographical studies of polyurethane based sucrose sensor showed the highest
availability of surface area for the synthesis of template identical cavities as compared
to the other polymers which played major contribute for the enhanced sensor response.
Comparison of NIP, MIPs and GO-MIPs composite was shown in figure 5.26 by bar

graph. This graph confirms the substantial worth of graphene sheets while comparing
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the sensor signals of MIPs and GO-MIPs composite, the response of GO-MIPs

composite based sucrose sensor was 1.9 folds higher than simple MIPs based sensor.

5.3.4.4 Selectivity analysis of sensor

To examine the selectivity of fabricated sensor, NIP, MIPs and GO/MIPs composite
based sucrose sensor was exposed to different competing molecules (solution) at 50
ppm concentration. MIPs based sensor shows response of (conductance) 679 nF for
sucrose whereas maltose, fructose, glucose and n-hexane exhibited the sensor response
of 7 nF, 6 nF, 6 nF and 5 nF respectively. Furthermore, GO-MIPs composite based
sucrose sensor was also exposed to different concentrations of sucrose and recorded
sensor response was 1008 nF. The response of composite based sensor for other
competing molecules was 6 nF, 5 nF, 5 nF and 2 nF for maltose, fructose, glucose and
n-hexane respectively. Each molecule responds differently to its imprinted polymer
being somewhat cross sensitive against same sensor due to substantial physicochemical
resemblance in different molecules. Thus, bulk molecular imprinting approach supports

the selective response for distinguishing them even very closely resembled molecules

as shown in figure 5.27.
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Figure 5.27: Selectivity analysis NIP, MIPs and GO-MIPs composite of polyurethane based sucrose
sensor against different competing molecules at 50 ppm.
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During polymerization, DPDI and Bisphenol A rearrange themselves in a very effective
way around the imprinted specie results in a high number of recognition sites which is
highly selective towards the respective analyte. Selectivity response was far high for
maltose (168 times) as interfering molecule, for fructose and glucose, it was 201 folds,
and also exhibits highly negligible response for n-hexane. This proves that GO-MIPs
(composite) based sensor is highly specific as well as selective against competing
species. High selectivity response of sensor mainly attributed by the selective
recognition sites and is merely the cavities which reproduce the phenomenon of
imprinting during the polymerization corresponding to size, shape, geometry and

adjustment of functional groups.

5.3.4.5 Reproducibility, reusability and stability studies of fabricated sensor

Reproducibility and stability are important parameters for the application of sensors,
To study the reproducibility of GO-MIPs composite based sensor, three different
sensors were synthesized by using the same method and stored under similar conditions

of temperature and pressure for one month,

1000 §-------
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Figure 5.28: (a) Reproducibility and reusability of three GO-MIPs composite of polyurethane based
sucrose sensors prepared in the same manner (b) stability profile of sucrose sensor over the period of

six months.
After a month, these fabricated sensors were exposed to 50ppm concentration of
sucrose and their sensor response was recorded as can be seen from figure 5.28 (a). The
above mentioned observations indicated that GO/MIPs composite based sensor showed
only a highly negligible decrease in sensor response with relative standard deviation
(RSD) of ~0.42 %. Furthermore, for stability analysis of GO-MIPs based sucrose
sensor, a sensor was designed following the same procedure of synthesis and stored for
a period of six months under normal conditions. Senor response was measured on
monthly basis at 50 ppm concentration of sucrose and RSD value of 0.9 % described
that GO-MIPs composite based sucrose sensor possesses excellent stability under above
mentioned conditions and maintained sensor response upto 99.5 % with continuous
usage as shown in figure 5.28 (b). We considered that the excellent reproducibility and
stability was described during the sensor preparation, which not only improved sensor
response of the GO/MIP films, but also locked the size and shape of the recognition

caves.
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5.4 Comparison of sensor receptors (imprinted polystyrene,
polyvinyl  pyrolidone, methacrylic acid and
polyurethane)

Different molecular imprinted polymers were synthesized by using various
polymerization systems shown in figure 5.29. From this graph, in case of styrene as
monomer, we can see a lower sensor response which might be due to the hydrophobic
nature of styrene without any specific functionality.

In case of styrene, very weak interactions were found between monomer and template
molecule. After the extraction of template, it might not adsorb efficiently the template
molecule and tat the end, very small sensor response was found. It is notable from the
above results that n-vinyl pyrolidone based polymer produces higher sensor effect due
to its aromaticity and functionality. It can be seen from figure that efficient imprinting
using a simple monomer (MAA) had a strong influence on adsorption of the template
used to prepare hydrophobic polymer matrix. When template is a polyhydroxy
molecule, then there might the possibility of stronger hydrogen bonding interactions
with methacrylic acid as monomer which is the major reason for the increased sensor

response.
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Figure 5.29: Comparison of sensor response of four different imprinted polymer systems.
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Polyurethane system was assessed to enhance the sensor signals. 4, 4'-
diisocyanatodiphenylmethane as monomer has proton donor groups (N-H or O-H) as
well as the lone pair donor groups (C=0). The proton donor group in this polymer may
interact with template molecule by forming H-bonding with electron donor groups
(C=0). while the electron pair donor groups of polymer as well as template may interact
with each other and as result enhances the sensor signals. The results obtained from
different imprinted polymers and graphene oxide based composite were briefly reported
in table 5.1 and compared this data with literature studies reporting sucrose

measurements using different electrochemical methods.

Table 5.1: Comparison of previously reported work with recently designed sensors.

Analyte Technique Limit of Reproducibility | Reference
detection (RSD)
Sucrose Cyclic 3u M/L! 2.6% (Shekarchizadeh,
voltammetry (3000 ppb) Ensafi et al. 2013)
(V)
Sucrose FTIR 0.403 pM/L* 2415% (Cengiz and Durak
(403 ppb) 2019)
Sucrose HPLC 0.195 uM/L! 0.823 % (Cengiz and Durak
(195 ppb) 2019)
Sucrose HPLC-RI 3.21 pM/mL! 4.01 % (Filip, Vlassa et al.
optimized (3210 ppb) 2016)
method
Sucrose Conductance 83 ppb 1.5% Present work
(~83ppb-520 | (97.8 % RSR)
ppm)
Sucrose Conductance 68 ppb 1.42 % Present work
(~68 ppb to (98 % RSR)
525 ppm)
Sucrose Conductance 39 ppb 0.75 % Present work
(~39 ppb to (99 % RSR)
520 ppm)
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Sucrose Conductance 31 ppb 0.48 % Present work
(~31 ppb to (99 % RSR)
528 ppm)
Sucrose Conductance 16 ppb 0.42 % Present work
(~16ppb to
600 ppm)

5.5 Conclusion

In this chapter, molecularly imprinted polymer based sensor receptors for the detection
of sucrose were synthesized by using four monomers i.e. styrene, n-vinylpyrolidone,
methacrylic acid and 4, 4’-diisocyanatodiphenylmethane. MIPs synthesis procedures
were optimized and receptors were characterized by FTIR, SEM and TGAs. Various
sensor parameters like sensitivity, linearity, selectivity, reproducibility, limit of
detection, stability and response time of fabricated sensors were investigated by
exposing them to different concentrations of its template molecule and competing
molecules. Imprinted polystyrene based sensor has lower limit of detection of ~83 ppb
of sucrose and imprinted n-vinyl pyrolidone based sucrose sensor showed lower limit
of detection of ~68 ppb towards sucrose. While imprinted polyacrylate based sensor
showed a lower limit of detection of ~39 ppb of sucrose and imprinted polyurethane
based sensor bears a lowest limit of detection of ~31 ppb of sucrose. Overall, sensitivity
and selectivity of imprinted polymers were in the following order: styrene < n-
vinylpyrolidone < methacrylic acid < polyurethane. Furthermore, the sensitivity,
selectivity and other sensor parameters improved by using functionalized graphene-
MIPs (GO-MIPs) nanocomposite as sensor receptors. The composite based sensor
showed higher sensitivity and selectivity and improved lower limit of detection of 16
ppb towards sucrose. The GO-MIPs sensor may have potential technological
applications for the detection of sucrose in pharmaceutical industry, food industry and
in other relevant fields. The topographical studies of urethane system based sucrose
imprinted sensors depicts the uniform generation of template identical cavities as

compared to other polymers.
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6 CONCLUSION AND FUTURE ASPECTS

For mono and disaccharides detection, MIPs and composites have been synthesized by
using different polymer systems (n-vinylpyrolidone, styrene, urethane and acrylate
systems) by employing the optimized ratio between monomer and cross-linker. For
glucose detection, sensitivity and selectivity of imprinted polymer was in the following
order; n-Vinylpyrolidone < Acrylate < Urethane < Styrene < Sty-GO-MIPs composite.
We can conclude that nanocomposite of functionalized graphene styrene based glucose
sensor is most suitable for the imprinting of glucose and bears high sensitivity and
selectivity. For fructose detection, sensitivity and selectivity of imprinted polymer was
in the following order; n-Vinylpyrolidone < Urethane < Styrene < Acrylate < Acrylate-
GO-MIPs composite. It is found from the results that GO-methacrylate nanocomposite
based fructose sensor is the most suitable for the imprinting of fructose. Sensitivity and
selectivity of maltose imprinted polymers were in the following order: Styrene <
Polyurethane < n-Vinylpyrolidone < Methacrylic acid < Methacrylate-GO-MIPs
composite. We can say that graphene oxide methacrylate nanocomposite based maltose
sensor is the best option for the detection of maltose. Sensor response of sucrose
imprinted sensors was in the following order: Styrene <n-Vinylpyrolidone <
Methacrylic acid <Polyurethane <Polyurethane-GO-MIPs composite. On the basis of
above mentioned results, we can say that GO-MIP nanocomposite sucrose sensor
showed excellent sensor response towards sucrose. The GO-MIPs sensor may have
potential technological applications for the detection of sucrose in pharmaceutical
industry, food industry and in other relevant fields. The sensor response of a fabricated
might be increased by using nanomaterial; Noble-metal nanoparticles i.e. Silver (Ag),
gold (Au), Platinum (Pt), Rhudenium (Rh), Rhodium (Rd), Ruthenium (Ru), Iridium
(Ir) and Palladium (Pd), metal oxide nanoparticles (CeOz, CuO, ZnO, TiO3, and MnO3),
Electroactive nanocomposites (Au NP/rGo, Ni NPs@MWCNTs, Gr-AuNPMnO:-
MWCNTs, Gr-Au NP-C-dots) for the modification of receptors. Different electrodes
i.e. (GE, CE, GCE, QCM) and Magnetic electrode could also use to improve the sensor

signals.
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