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ABSTRACT

Molecularly imprinted polymers are spatial technique with artificial recognition sites
compatible to the template size, shape, and functional groups arrangement. The MIPs have
shown high selectivity and affinity for the target molecules with a substantial potential for
the hormones detection as an environmental sensor. The objective of this research is to
fabricate a label-free molecular imprinted polymer (MIPS) sensor and investigate the
sensing ability for progesterone detection in aqueous solutions and blood. The
Progesterone (PGN) is a cholesterol-long biosynthetic endocrine disruptor steroid and is
naturally occurring estrogenic compound with a majority effect to alter the vital functions
of the human body. The MIPs detection was based on the reflectance mechanism of inverse
opal film, after the PG attachment into the photonic MIP binding sites modified the Bragg
diffraction spectra of the films due to swelling and refractive index changes, producing the
optical signal. MIPs were investigated by equilibrium binding, kinetics experiments, and
UV- visible spectra that occurs with the rebinding at different progesterone concentrations
in deionized water and 150 mM NacCl solutions. The MIPs response were investigated with
progesterone concentration in the 1-100 pg L™ range; with LOD of 0.5 pug L, reaching
the detected range of hormone in natural waters. Furthermore, hydrogel MIP films were
successfully tested in various real water matrices, they revealed satisfactory recognition
ability towards the analyte, and a promising performance in challenging, unknown natural
water samples. Moreover, the MIPs film exhibited good selectivity towards the
progesterone hormone when exposed to structurally similar molecules, evidenced by a
larger response than non-imprinted films (NIPs) due to the specific adsorption provided by

molecular imprinting. Computational studies suggested that size along with surface

Xiii



potential influenced the binding of analog compounds. The molecularly imprinted polymer
(MIP) were applied to whole blood and plasma samples of three different animals, the
levels of free and total PG were analyzed along with different days of the estrous cycle of
the cows. The commercial PG kits test results followed the same trend with MIPs test
results for the non-bound PG in the blood samples. The measurements revealed the
minimum concentration at day 0, and highest level between day 10 and 14. Both MIPs and
commercial PG kits test results were in agreement in evaluating the PG levels trend during
the estrous cycle, however, there was some variance in evaluating the exact concentrations
of PG hormone during the cycle, but no discrepancy in determining the cow’s pregnancy

profile.
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Chapter 1. Introduction

1.1. Background

Progesterone is a naturally occurring steroid produced as a result of a long
biosynthetic pathway. Many reproductive-related activities controlled by progesterone
hormones, such as mammary glandular development, the endometrial cell regulation,
pregnancy establishment and maintenance. However, progesterone's carcinogenic effects
are possible at enhanced levels and are confirmed as an animal carcinogen(Ri¢anyova et
al., 2010) . In humans, progesterone's disturbed release can harm the healthy physiological
activities in the body, which makes its detection essential.

Over the last years, many methods have been dominated to analyze the
progesterone as adsorption or concentration media using analytical techniques, mostly
were liquid chromatography (LC-APCI/APPI-HRPS-SPE)(Golovko et al., 2018), LC-
MS(Tomsikova et al., 2012),(HPLC-DAD) (X. Huang et al., 2008), immunoassays
(Samsonova et al., 2018), and gas chromatography/mass spectrometry(GC/MS)(Yang et
al., 2006), all the over mentioned methods are still expensive, time-consuming, and sample
preparation is required. Consequently, progesterone levels assessment's challenge was to
develop fast, sensitive, and reliable analytical methods for detection and quantification
together with the complexity of the low concentration of progesterone(Chang et al., 2011).

Molecular imprinting is one of the most popular techniques for creating artificial
sensors for biomolecules to recognize and binds to their molecular targets such as
antibodies, hormones, and enzymes(C. He et al., 2008; Katz & Willner, 2004). Initially,
during the synthesis process of molecular imprinting polymers (MIPs), a complex formed

first between the target molecules and one or two monomers in an appropriate solvent. A
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copolymerization between the polymeric materials with molecular recognition abilities
against a target molecule (template) is motivated in the presence of UV light, initiator, and
crosslinker (Dai, 2017). As a result, specific binding sites created after the template
removal from the polymer matrix after polymerization (Garcia-Calzén & Diaz-Garcia,
2007). Over the last years, great attention has been endowing to the colloidal crystal
templating as optical sensors based on molecular imprinted polymers MIPs. The
improvement in optoelectronic devices and imaging techniques combined with low cost of
light sources and detector (Abdin et al., 2015). An approach was proposed based on
combining molecular imprinting and colloidal crystal to prepare imprinted photonic
polymers with 3D, highly ordered, specific binding, and microporous structures with high
sensitivity and specificity (Griffete et al., 2012; Wu et al., 2008). Therefore, optic sensor
technology was used to detect progesterone by many researchers. The challenge of
progesterone levels assessment was to develop fast, sensitive, and reliable analytical
methods for detection and quantification and the complexity of the low concentration of
progesterone.

In this work, the projects are a mixture of three techniques to detect progesterone
hormone in water and blood. The first project is to optimize the colloidal crystal formation
and molecular imprinted sensors fabrication via different parameters. The second one is to
detect the progesterone in water with a very low concentration with optimized MIPs,
involving testing various sets of experiments to explore the equilibrium, Kinetics binding
of the PG in water, and investigating the affinity of the prepared MIPs of target molecule
binding under the effect of interferences. The third one is to detect the progesterone in

blood samples with a very low concentration using the optimized MIPs as the veterinary



progesterone measurements can help improve fertility and assess the cow's reproductive
status and diagnose pregnancy.

Another research project is a work that deals with the fabrication characterization
and modeling of interparticle interactions of a controllable and environmental benign of

uniform, porous, and high surface area Iron and Aluminum oxide ceramic membranes.

1.2 Research Objectives

The overall objective of this work is to apply novel types of nanomaterials in
different fabrication techniques to internalize the precursors, employing either physical
compaction or chemical reaction, incorporate the nanomaterials into the final nanoporous
structures in order to get better materials either in environmental or biomedical
applications. After the introductory chapter, the second chapter is a literature review
covering nanomaterials in general (definition), physical interaction theories, properties,
applications, and characterization technigues.

In chapter three, the objective was to develop a controllable and environmental
benign fabrication of uniform, porous, and high surface area ceramic membranes using
carboxylate-alumoxane (AA) and ferroxane (Fe) nanoparticles, using DLS, BET, and XRD
for characterization, employing the DLVO aggregation to describe the thermodynamic
interactions, and investigate different pH levels.

In chapter four, the fabrication of molecular imprinted polymers MIPs for selective
detection of progesterone in an aqueous solution is optimized. A novel manufactured
costume-made experimental chamber was used for the fabrication of colloidal crystal
template by self-assembly technique. The optimization study included optimizing

parameters for colloidal crystal formation and the optimization of the polymerization



parameters. The material was characterized by SEM microscopy, and DLS. Optical

properties were investigated by UV-vis reflectance spectroscopy.

In chapter five, MIPs were investigated by equilibrium binding, Kinetics
experiments, and UV- visible spectra to investigate Bragg diffraction peak shift that
correlated with different progesterone concentrations in water, as well as investigating the
binding affinity of progesterone in 150 mM NaCl solutions and characterizing the MIPs
films with FTIR and SEM. Additionally, the competitive recognition ability of the MIPs,
to hormones that have a similar chemical structure to progesterone was studied. A group
of selected compounds: estradiol, hydrocortisone, and dehydroepiandrosterone-sulfate are
compared to the response to progesterone.

In chapter six, the optimization factors study in (Ch.4 and Ch.5) on the fabrication
of MIPs, were applied for improved understanding of progesterone variability profiles, the
sensors are applied to serum and blood samples during estrous cycles of cows with the
objective of measuring progesterone levels with a MIP sensor. Additionally, the total
progesterone was measured using Na Acetate buffer solution, in order to release the
protein- bound progesterone. The information provided by the sensor can enhance the
productive performance of dairy cattle and anticipating the pregnancy profile of the cows

breed.



Chapter 2. Literature review

2.1. Introduction to Nanomaterials

In the past few years, the nanostructure technology has been growing widely in
interdisciplinary areas of research and development activity. The nanomaterials are the
building blocks of the nanotechnology and nanoscience for creation a new nano sized
materials (Siegel et al., 1999). Nanomaterials were first known as early as 1857 when
Michael Faraday wrote his first scientific report about the colloidal gold particles synthesis.
In 1940’s the fumed silica nanoparticles were fabricated and used in rubber reinforcements
in USA and Germany as substitutes for ultrafine carbon black. The scale of a nanometer is
one millionth of a millimeter — approximately 100,000 times smaller than the diameter of
a human hair. At this scale a vast interest of nanomaterials has been emerged due to their
unique optical, magnetic, electrical, and biological properties, which have a potential
impact in electronics, medicine, and other fields(A, Alagarasi, 2011).The feature of high
surface area-to-volume ratio of nanomaterials has evolved the treatment quality and
reactivity with environmental pollutants, viz., adsorption, photocatalysis, membrane
processes(Zekic¢ et al., 2018),(D. Singh et al., 2020).The nanomaterials structure can be
classified into one dimension (eg. surface films), two dimensions (eg. strands or fibres), or
three dimensions (eg. particles) (Figure 2.1). Nanomaterials can exist in different forms,
single, fused, aggregated or agglomerated forms with spherical, tubular, and irregular
shapes (Figure 2.2),(A, Alagarasi,. 2011). The most common nanomaterials used in water
and wastewater treatment are Zero-valent metal nanoparticles (nZVI1), metal oxides
nanoparticles, carbon nanotubes (CNTs) and nanocomposites (Lu et al., 2016),which have

numerous of advanced features as :-



Figure 2. 1 Nanomaterials structure classification: (a) OD spheres and clusters; (b) 1D nanofibers,
nanowires, and nanorods; (c) 2D nanofilms, nanoplates, and networks; (d) 3D nanomaterials(Sajanlal et al.,
2011)

Zero-valent metal nanoparticles (nZVI) is used as a reducing agent to convert the toxic
materials into safer forms(Fu et al., 2014).The nZVI have been applied widely for removal
various organic and inorganic pollutants such as heavy metals (Arancibia-Miranda et al.,
2016), polychlorinated compounds (Amin et al., 2014),and phenols(Z. Sun et al.,
2017).Metal oxide nanoparticles (MNPs) as titanium, zinc, aluminum, and iron oxide have
many of prodigious properties such as a high specific surface area with more specific sites,
with adsorption efficiency superior to activated carbon (Corsi et al., 2018), and multiple
heavy metals removal potential (S. Singh et al., 2019). Iron oxide nanoparticles with a
specific chemical reaction, low toxicity, and biocompatibility, all of that facilitate their
adaptability in synthesis ,modification ,and coating(Ali et al., 2016).

In the field of nanotechnology, a great interest of CNTs have drawn due to their
excellent conductivity (Guzman-Verri & VVoon, 2007), mechanical strength ability (Esawi
et al., 2010), high chemical stability, and high thermal isolation (Kundu et al., 2008).

In addition to the aforementioned nanomaterials, the TiO2 photocatalyst had a high
degradation efficiency of organic contaminants and inactivation of pathogenic bacteria

ceramic and polymeric membranes merged with UV-A irradiation, thus adding various of



photoactive nanomaterials to nanocomposite membranes can reduce the fouling(Rodrigues

etal., 2017).

....
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Figure 2. 2 Different forms of nanomaterials (A, Alagarasi,. 2011)

2.2. Particle interactions

2.2.1. Interaction forces

The interparticle interaction between the nanoparticles in aqueous phases is forming the
“self-assembling” molecular aggregates. The size and shape of these formations are
regulated by the interfacial chemical reactions via two types of forces: first, the short-range
interactions between the molecules, which is influenced by the NPs size and shape,
electrolyte type and concentration, pH, temperature, and usually happens at very close
contact ( <1 nm); second, the long-range interactions-those are controlled by the attraction
and repulsion forces between the aggregates at distances between (1-100 nm). The two
types of aggregation formation, the diffusion-limited cluster aggregation (DLCA), and

reaction-limited cluster aggregation (RLCA) are determined based on the fractal



dimension, which describe the aggregate structure (dendritic or compact).These types are
characterized by the collision efficiency (a), ranging from 0 to 1, representing the
successful attachment prospect. The value of (a = 1), when the particles attaching is
successful from the first time and leads to form large dendritic aggregates, whereas (a <
1), when particles sticking after several collisions and the forms denser and less dendritic
aggregates (Israelachvili, 2011; W. Zhang, 2014) . Figure 2.3. shows the difference

between monodisperse, dendritic, and compact clusters of aggregated NPs.
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Figure 2. 3 The comparison of various types of NPs aggregation clusters (W. Zhang, 2014)

2.2.2. Factors influencing aggregation in aquatic environments

2.2.2.1. Size and Shape Effect

The smaller sizes of NPs have higher surface energy than larger particles,
accordingly, this will increase the attachment efficiency(a) , and the interaction energy
barrier screening, as a result, a higher tendency to aggregate (Y. T. He et al., 2008).
Meanwhile, the shape of the particles determine the interaction energy between the NPs
like van der Waals and repulsive electrostatic forces and are modeled based on as plate-

plate, sphere-sphere interaction expressions (N. Sun & Walz, 2001).



2.2.2.2. Solution pH and lonic Strength Effect

The solution pH and dissolved ionic species are the key factors affecting the
electrostatic stabilization of NPs in water by influencing the surface charge (type, density,
and accumulation), via the (protonation or deprotonation of a high density of oxygen-
containing functional groups).The NPs affinity of destabilization and aggregation are
promoted at surface charge neutralization (pH of zero surface charge), and the electrical
double layer (EDL)screening. Meanwhile, at low pH values, the surface of NPs will be
positively charged where an excess of H™ protons, whereas negatively charged at high pH
and excess of OH". As a result of the exchangeable reactions between the NPs surface
functional groups (e.g., hydroxide, carboxyl, and oxide groups) with the aqueous H* or OH"
(R. Leeetal., 2012).The high tendency of an opposite charge ionic species of accumulation
at the charged interface can compress the electrostatic double-layer EDL and decrease the
Debye length (x—1) between the colloids, and effectively results in the attractive van der
Waals interactions become dominant over electrostatic repulsion and enhance the particle
aggregation. The degree of electrostatic destabilization is highly influenced by the
electrolyte concentration, valence of counter-ions, and proximity between the electrolyte

and colloids (Mukherjee & Weaver, 2010).

2.2.2.3. Temperature Effect

The aggregation kinetics can affect directly by temperatures as they are
influencing on random Brownian motion of particles and thus the collision frequency.
Consequently, a higher temperature can effectively increase the aggregation

rate(Garciagarcia et al., 2009).



2.2.3. Modeling of particle interactions: DLVO theory

The DLVO theory was first developed by Derjaguin and Landau (1941) and
Verwey and Overbeek (1948) to explain the colloidal stability and their aggregation in
aqueous solutions quantitatively. The classic DLVO was initiated based on the total
interaction energy (V totaL), Which integrates (attractive van der Waals Va and repulsive
electrostatic forces VR), that results from the interplay of electrical double layers of
particles surfaces (Butt & Kappl, 2018). Essentially, the total interaction energy of van der
Waals interactions (Va) and electrical double layer interactions (Vr), as a function of
separation distance, is the crucial factor in determining the colloidal electrostatic

stabilization.
V1=Va+ Vg Equation(2.1)

In general, three profiles of the interaction energy versus the distance between two
particles can be described by a very weak attraction at large distances (secondary energy
minimum), an electrostatic repulsion at intermediate distances, and a strong attraction at
short distances (primary energy minimum) (Butt & Kappl, 2018). Numerous of
mathematical expressions were deduced to explain the experimental interaction of particles
as the linear superposition approximation (LSA), in order to express the electrical double
layer and Van der Waals interaction of Sphere-Sphere particle, which based largely on the

separation distance validity as shown in tables 2.1 and 2.2.
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Table 2. 1 Table 2.1 Sphere-sphere double-layer interaction energies (Elimelech et al., 1998).

Expressions Method Validity Source
128ma,a, n kT LSA h<«a;j
ﬁ‘(ﬂ(zexp (=kn) I

ivea DIM kai> 5 (Gregory, 1975)
128ma,a, n kT CPA kr>1
%‘KHYZEXP (=kh)

LPB kai=>10 (Bell et al., 1970)
LSA
128 kT 2¢1 0 - CPA Small Hogg et al.,
1ottt (gF + G2 In (X In (1-e ) bl ey
LPB h«a;
DIM kai>1
128 kT 2d1 & _ CCA Small ¢; Wiese & Healy,
1ot kT (7 4 )] 2002 In (L) + In(1-e ) | fargy e
LPB h<«a;
DIM kai>>1
> _ }
1:\1:22 [(%)](g — tan~"sin(kh) — (_ — &0 )ln(1+e 2Ky CFéAéan h«a; (Karetal., 1973)
kai>1
LPB

Table 2. 2 Retarded sphere-sphere van der Waals interactions (Elimelech et al., 1998)

Expressions Validity Source
Al 2m h/A>>1 (Overbeek & Jonker, 1952)
237h3
248 &( ) 2 17( )2 4 20 ( ) ] h > M6 (Schenkel & Kitchener, 1960)
“12nh 60T 2802
__Aayay 2.45 (_) 2. 17( )2 + 059 ( ) ] h>4/x, h«a; (Ho & Higuchi, 1968)
6(ai+az)h L1om 60T 28073
A @ [ C ] h<Mn h<a (Schenkel & Kitchener, 1960)
6h(a;+az) L1+11.2h/A
0 [1 _ _1 1+ _)] h«a;,b=5.32 | (Gregory, 1981)
6h(ai+az)
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2.3. Nanoparticles as building blocks for nanostructured materials

In nanotechnology, the objects can’t be described as “phase” or “particles”, it must
refer to them as “structures”, organized in particular arrangement ways(Berg, 2010). Many
of strategies are utilized in synthesis and assembly nanomaterials: using liquid, solid, or
gas phase to internalize the precursors; employing either physical compaction or chemical
reaction to incorporate the nanomaterials into the final material structure format. Basically,
any type of nanostructured materials (metal, ceramic, polymer, semiconductor, glass,
composite) are fabricated from controlled synthesis and subsequent assembling of
nanoscale building blocks like (clusters or nanoparticles, nanotubes, nanolayers, etc.). Four
major challenged areas that engineered nanostructure applied in are, dispersions and
coatings, high surface area materials, functional nanodevices, and consolidated materials

(Siegel et al., 1999).

Superstructures (monoliths) with a micro-or nano- composites can be produced by
dispersion in a medium or (self-assembled) and can have unique and significant properties,
such as heat resistant ceramics or high strength material with low weight as polymer. One
of these extraordinary structures are the sintered arrays which can produce nano-filters,
membranes, or materials with high thermal insulation. The other unique configuration is
LOC(“lab-on-a-chip”) an assembly of nano-or micro-sized channels, tubes, etc. on
special surfaces, which are exploited as a basis for chemical sensors with high accuracy
and efficiency (Berg, 2010).Similar to the atoms and molecules the nanoparticles assembly
can be manipulated to be in one, two, or three dimensions in order to create a patterned

surface. Fabrication a sensing template will require arranging the nanoparticles in a specific
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inter- particles separation. For example, this approach can be applied to many disciplines
such as direct polymer and silica nanoparticles to specific surface locations in optical
sensors(Zhou et al., 2012), assembling of metallic particles on the copolymer
nanostructures templates to create metal nanofoam materials (Vukovic et al., 2013), and
the molecular recognition methods to control the assembly of nanoparticles and enhance
the molecule affinity to bound to their surfaces (Deng et al., 2018) (Nagarajan& Hatton,

2008).

Figure 2. 4 Nanoparticles assembling methodologies. (a) porous nanoparticle assembly for catalytic or
adsorption, (b) Nanoparticles assembly on a DNA as a nanoelectrical wire, (¢) Nanoparticles assembly on a
copolymer surface for a sensor application(Shenhar et al., 2005) .

2.3.1 nanoparticles as precursors for porous Ceramic membranes fabrication

Over the past decades, many of researchers have focused to incorporate many types
of nanomaterials as a precursor of porous ceramic membranes in order to improve a diverse
of membrane properties such as permeability, hydrophilicity, selectivity, microstructure
(porosity and pore size), mechanical strength, and other features for water treatment and
fouling limiting. The pore sizes of porous ceramic membranes are related to the sizes of

ceramic precursors and sintering temperatures. The most applied nanomaterials in porous

13



ceramic membrane fabrication are metal oxides including, alumina (a-Al203), silica (SiO>),
zirconia (ZrOy), titania (Ti0.), and zeolite (Li et al., 2020).Titania nanoparticles have been
used widely in porous ceramic membranes due to their distinctive properties, as particular
chemical resistance, high water flux, photochemical and catalyze reactions initiator. The
Ti0,-doped ZrO:; (hereafter denoted as TDZ) nanofiltration (NF) membranes (Y. Lu et al.,
2016), have showed good stability and reproducibility. The phase transition of Ti ** have
decreased the crystallite size, and increased surface area. The membranes have exhibited

high water permeability reached 35~40 L m h " bar 1, and low MWCO of 500 Da.

Alumina (Al203) has different phases such asy, n, and 6. The most common phase
used in ceramic membrane fabrication is a-alumina. Alumina membranes are widely
utilized in separation membranes of water and wastewater treatment, due to the wide pore
size range, thermodynamic stability, and durability. Alumina UF membranes in dye
wastewater treatment(Zou et al., 2017).In this report, a co-sintering process was used to
control the activators contents of boehmite sols and produce bilayer a-alumina membranes.
The fabricated membranes have reached 10 kDa molecular weight cut off (MWCO), 99%

rejection performance, and water permeance up to 70 Lm 2h  bar 1

2.3.2 Coatings of ceramic membranes

The ceramic membrane can be modified via coating and attach of the nanoparticles
on the ceramic surface or inside the pore walls. This incorporation can enhance different
characteristics, either physical (particle size, pore size and porosity), chemical
(hydrophilicity and stability),or functional as(photoactive, bacteria killing, etc.)(Z. He et
al., 2019).For example, iron oxide based ceramic membrane has been employed as a

catalyst combined with ozonation to degrade the natural organic matters (NOM) in the
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water and stop the reaction with disinfection by-products (DBPs). In another approach the
Fe>O3 nanoparticles incorporated onto different alumina-zirconia—titania (AZT) ceramic
membranes(Karnik et al., 2006). He was able to modify the membrane structure to be more
uniform, coarse-grained surface with nano-sized interconnected pores. These membranes
were usefully improved the water quality and reduced the concentration of the DBP
precursors. Furthermore, y-Al203/a-Al.O3 hollow fiber NF membranes with different
MWCO (Z. Wang et al., 2016).Using the sol-gel, dip coating and sintering processes. The
fabricated membrane with pore size of 1.61 nm, had water permeance of 17.4 L m? h " bar

"1 and compatible quality for industry applications.

2.3.3 Characterization techniques for ceramics

Various characterization techniques are required to understand optimal functioning
of ceramic membranes, either chemical, physical, surface complexes, morphology, etc.
These techniques methods can be categorized into several groups according to the
information type, whether related to (structure and composition), (morphology, mechanical
properties, charge, etc.),or( bulk characteristics and porosity), (Bernstein et al., 2013). The
chemical characteristics of ceramics can be identified using the vibrational spectroscopies
techniques as surface- FTIR techniques, in particular, attenuated total reflection (ATR).In
ATR-FTIR an infrared (IR) spectroscopy is utilized to make transition combination
between vibrational states of chemical bonds and some collective vibrations, that has
specific relevant to the aromatic rings, polymers, or crystals. This technique is preferable

to analyze the thickness and chemical reactions in the top layer (Mohamed et al., 2017).

The physical characteristics and morphology of ceramics are assessed using

different techniques as Electron Microscopy. In scanning electron microscopy (SEM) an
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interaction between the focused beam electrons and the atoms of sample can produce
images of ceramic surface topography,focus on wide, large areas and irregular shaped

objects, with a high magnification range, and resolution (Tamime et al., 2011).

The bulk characteristics as pore size, pore size distribution and surface area of
ceramic membrane for pressure-driven separations are measured using the Brunauer—
Emmett-Teller (BET) method. In this method usually, nitrogen gas is used to fill the
primary monolayer pores, this result is fitted to BET isotherm which represent the total
number of nitrogen molecules inside pores, using the known area per nitrogen molecule,
the total pore area will be determined, pore radius, and pore volume. Besides, the
adsorption—desorption hysteresis, are used to evaluate the pore geometry and pore sizes

uniformity (Pradanos et al., 1996).

2.4. Nanoparticles as templates for optical active films

The unique optical properties are particularly associated with nanoparticles as
templets comprised of materials with high-or low refractive index, transparency,
photoluminescence, and photonic crystal characteristics. It is important to precise the
nanoparticles synthesis methods as they have a conclusive effect on the nanoparticles
fingerprints, including size distribution, morphology, crystallinity, purity, and
composition(Iskandar, 2009).Various of nanoparticle were fabricated and used as templets
of optical sensor for different environmental pollutants. An optical sensor technique was
fabricated (Xue et al., 2013),based on the surface—imprinted core-shell Au nanoparticles
using Surface-enhanced Raman scattering (SERS), to detect the bisphenol A in surface and

Gatorade drink water. In this report the signal of SERS was enhanced due to a specific
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binding of the target molecule on the core-shell of MIP on the Au nanoparticles surface.

This approach considered very efficient and fast way to detect the bisphenol A in water.

Also, a new collaboration between the nanoparticles and optical sensors application
was represented in a chitosan/graphene oxide - magnetite - molecularly imprinted polymer
(Cs/IGM-MIP), combined with the CdTe quantum dots@luminol nanoparticles to detect
the chrysoidine, an industrial dye used for paper, fiber, and leather. The
Chemiluminescence method was used for detection, via prompting the adsorption affinity
of the Cs/GM on the surface of MIP with increased concentration of chrysoidine. In this
approach, the CdTe QDs@Iluminol-Cs/GM-MIP-CL sensor showed high sensitivity in

target detection with a detection limit of 32x10°M (Duan et al., 2016).

2.4.1 Colloidal crystals and opals

In general, the crystalline structures assembled from colloid-sized particles are
called (“colloidal crystals”), that reveals some of the basic principle interaction in the
colloidal systems. The remarkable optical property of the colloidal crystals, is related to
diffraction and interference of light in their ordered arrays (Velev et al., 1998).Highly
ordered crystalline structures of photonic crystals can possess a periodic modulated
dielectric constant, with a range on the scale of visible light wavelengths (380—-750 nm
).These periods can be affected by the spreading of electromagnetic waves due to Bragg
reflections on lattice planes of materials(Waterhouse & Waterland, 2007). Two approaches
are used in photonic crystal fabrication: nanolithography and self-assembly.
Nanolithography is called the (‘‘top-down’’ approach), was used to etch small particles
into different solid substrates. This method had some drawbacks as high cost, slowness and
limited layers thickness. In contrary, the self -assembly approach (‘‘bottom-up’’ approach),
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is used widely by the researchers to form a three-dimensional (3D) periodic structures of
colloidal crystals particles, which known as opals. A crystallization of various
monodisperse spheres of silica, polystyrene or polymethylmethacrylate (PMMA) are
employed to form face-centered cubic (fcc) arrays, and the experimental work have
exposed that pseudo photonic band of silica or polymer spheres gap exists in the plane
[111] direction for fcc arrangements (Busch & John, 1999). Recently, the colloidal crystals
have demonstrated to be an ideal premises blocks for creation different polymeric and
inorganic materials with highly porous structures, can be applied in catalysis and separation
technologies. The colloidal crystals are used as precursor in the preparation of
heterogeneous of well-defined structures for catalyst materials via investigation the effect
of size, shape, composition, and support chemistry in catalyzed reactions, and their

application in microscopy and spectroscopy domains (Cargnello, 2019).

Many of new methods developed in this field are consider the flow and solvent
evaporation, but the most applied method for opal films fabrication is the CDM (capillary
deposition method, a (special flow induced technique).In (CDM) method the colloidal
crystals are start to self -assembly from the liquid meniscus at the cell edge and propagates
inward into the center of the substrate. The crystal orientation is highly controlled by the
substrate and the growth direction. The transmission spectra with a long wavelength
scattering background in CDM as a result of homogeneous defect distribution (Muldarisnur
& Marlow, 2010). The thickness of opal films from a few layers to hundreds of layers is
precisely dominated by the sphere size and solution concentration. Furthermore, the
resulting no. of layers can be determined based on a model developed by(Dimitrov &

Nagayama, 1996) for the self-assembly of monolayer colloidal films (P. Jiang et al., 1999).
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2.4.2 Inverse opals

The photonic inverse opals are three-dimensional structures elaborated from the
self -assembly of photonic colloidal crystals(opals) templates, using a nano-spheres with a
dielectric properties, thus removing this material from the original opal template either by
wet chemical etching(SiOz),or calcination method (polymer spheres) (Waterhouse &

Waterland, 2007).

A photonic crystal heterostructures using TiO2 and ZnO inverse opals was
fabricated (Y. Zhang et al., 2012).The researcher used the electrochemical deposition
method to deposit the colloidal crystal template, thereafter, sol-gel method was used to
prepare the TiO inverse opal structure by filling into the gaps of the prepared ZnO-filled
colloidal crystal template. The reflection signal of invers opal at 570 nm, have implied the
heterostructures as an excellent filter or selector. Furthermore, the reflection stop band of
the fabricated heterostructure have confirmed ideal properties of ordering and internal
structure in terms of narrow, deep and sharp-shaped. The researcher can work in future to
enhance the features of photonic crystal heterostructures to be fitted into the optical

domain.

An inverse opal films of molecularly imprinted polymers (MIP)were fabricated
using the colloidal crystal template method (Griffete et al., 2012), for the detection of
Bisphenol A and pH sensing. In this article, the Langmuir_Blodgett ( L_B )technique was
used to control the number of colloidal crystal layers ,and the thickness of the resulting
inverse opal hydrogel (IOH).the swelling behavior of I0H films was studied at different

pH and different concentration of BPA with various thicknesses.

19



2.5. Applications of colloidal crystal templating in sensors: molecular
imprinted polymers (MIP)

Over the last years, high attention has been endowing to the colloidal crystal
templating as optical sensors based on molecular imprinted polymers MIPs, since of the
improvement in optoelectronic devices and imaging techniques combined with low cost of
light sources and detector (Abdin et al., 2015).An approach was proposed based on
combining molecular imprinting and colloidal crystal in preparation of imprinted photonic
polymers with 3D, highly ordered, specific binding, and microporous structures with high
sensitivity and specificity, due to the porous structure of these materials (inverse opals),
the exhibition of fascinating optical property (Bragg diffraction), in addition to a bright
structural color. Particularly, the fabrication of highly ordered microporous materials from
a responsive polymer hydrogel, will generate their ability to swell or shrink in aqueous
solution as a consequence to a molecular recognition, leading to a periodic spacing change
and reflection in optical properties (Wu et al., 2008) (Griffete et al., 2012) ,Accordingly,
numerous of researchers have employed the colloidal crystal templating with great

potential to be environmental sensors for the detection of specific contaminant.

The colloidal crystal template (monodisperse SiO2 nanospheres, and molecularly
imprinted photonic polymer have fabricated as an optical sensor to detect chloramphenicol.
Precursors with different compositions (the template molecule chloramphenicol (CAP),
methacrylic acid (MAA) as the monomer, ethylene glycol dimethacrylate as the cross-

linker, 2,20-azobisisobutyronitrile as the initiator, and different solvents, were infused into
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the void spaces of the respective templates and aggregated. Numerous nanocavities derived
from were prepared by removing the SiO> template and the imprinted CAP. The MIPP had
a specific recognition of the target CAP. The results showed that the embedding and
transporting of CAP could change the reflection peak intensity of the MIPP. The MIPP
exhibited good responsiveness, reached to minimum detection range from 1 ng mL*to 1
ug mL of CAP. Short response time at 8 min was reported upon the addition to CAP at a
concentration of 10 ng mL™. The results proved that MIPP had shown good performance
and detection capacity after many cycle times. Thus, the molecularly imprinted photonic
polymer sensors could specifically detect CAP in a simple, time-saving, and low-cost
manner (Zou et al., 2017).

The amino-functionalized carbon dots (AC-dots) have elaborated to molecularly
imprinted polymer (MIP) for fluorescent determination of 2,4-dinitrotoluene. Colloidal
crystals were fabricated by vertical self-assembly with a 0.5% volume fraction. The MIPs
have exhibit higher adsorption than NIPs, with imprinting efficiencies ranging from 2 to
2.5. The detection technique was to capture the DNT specifically by the cavities in the MIP
and interact with AC-dots on the surface. This interaction results in quenching of the
fluorescence of the AC-dots. The results demonstrated DNT a response time reached
equilibrium within ~30 min. Also, the researcher has proved a high selective recognition

of DNT in aqueous solutions (Dai, 2017).

2.6. Biomedical applications of MIP sensors

Various of molecular imprinted photonic polymers MIPPs, were fabricated and
applied in the biomedical applications field ,for example, a magnetically imprinted surface

enhanced Raman scattering (MI-SERS), has been used for determination ciprofloxacin,
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typing of fluoroquinolone antibiotic by (an et al., 2015).A sandwich nanostructure of
molecular imprinting polymers used ultrasensitive SERS techniques for propranolol

detection by (liu et al., 2018).

The hexagonally packed macroporous molecularly imprinted polymer films have
prepared via optimizing colloidal crystals templates for detection the follicle-stimulating
hormone protein (FSH). A precise assembling of colloidal crystals beads was promoted by
adding a heating step after assembling(Kalecki et al., 2020). This step has supported the
imprinting of colloidal crystal and retain hexagonal packing structure. The colloidal
crystals were imprinted on the Au-glass slides in multilayers. An electrochemical
transducer was combined with the prepared nanostructured molecular recognition films to
design a chemosensing system. The prepared hexagonally packed macroporous
molecularly imprinted polymer films were tested for the determination of FSH in the range
from 0.1 fM to 100 pM. The results revealed high selectivity of chemosensor in terms of

the interference with other analogue protein hormones and detection limit of the 0.1 fM.

In report a surface plasmon resonance was used for determination of histamine by
employing MIP films. The MIP film was prepared by dissolving of MAA and EGDM in
DMSO with the target molecule histamine and then degassed this polymerization solution
under ultrasound. Next, the thin film gold chip was coated with the spin-coating solution.
The optic MIP have approved high selectivity, sensitivity, and reproducibility toward
histamine as a compared with the NIP sensor. The measured resonant angle shift increased
with the increase of histamine concentration in the range of 25-1000 pg L', and the

detection limit for the sensor was 25 pg/L(S. Jiang et al., 2015).
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Another biomedical application of MIPs was investigated(Casis et al., 2014).
During his study on the MIP, he fabricated a new nonporous material based on MIP to
detect the progesterone in water using new method for the colloidal crystals templating.
This templating led to highly organized porous structures without any distortion. Also,
swelling ratio was examined to determine the efficiency and specificity of the MIP, which
is considered a mentioned measurement on the cross-linking. Also, FTIR and HPLC were
used to assess the ability of the MIPs to capture the target molecule. Eventually, the
capacity and selectivity inference were evaluated by incubation of the MIPs in solution
with the template and another contaminant for 24 hr. The maximum imprinting capacity
was found equal to 3.15 at a ratio of 1:0.1 molar between monomer/cross linker. More
future work will be needed to examine the selectivity of the MIPs in terms of interference

with other resembling molecules.

An efficient molecularly imprinted polymers (MIPs) was fabricated for bisphenol
A (BPA) and progesterone (PG) detection(Caceres et al., 2018). Radical polymerization
was used to synthesize multiple of MIPs, and high yields up to (96.6%) was obtained. In
this study different parameters are optimized as solvent type, cross-linker, and template
ratio. Two different assays were employed for the adsorption mechanism. The Kinetic test
results showed a high retention within 15 min of contact, with limits of detection LOD
reached 0.015 mg/mL, and 11.3 mg/mL for BPA and PG, respectively. Upon testing MIPs
the results appeared no significant interference observed with other endocrine disruptors.
In future, the researcher will need to work more on the binding efficiency of imprinted
polymers and enhance via decreasing the solutions polarity and testing different mobile

phases.
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A polypyrrole molecularly imprinted polymer for the selective extraction of progesterone
hormones from environmental and biological samples using gas chromatography
(Nezhadali et al., 2016).A chemical oxidation of pyrrole using FeCI3 based on molecularly
imprinted polymer (MIP) are examined in (urine, blood, hospital waste water and tap
water) .Gas chromatography coupled with Flame lonization Detector (GC-FID) analysis
was applied for quantitative determination. The limit of detection (LOD) and limit of
quantification (LOQ) of the method were obtained to be 0.625 and 1.875 ng mL*
respectively. In this study different parameters were optimized for the application of the
MIP for separation and preconcentration like desorption solvent, amount of sorbent, pH,
and ionic strength. the recoveries for the spiked tap water, hospital wastewater, urine and
blood serum samples were 96.6, 86.2, 101.32 and 88.25%, respectively. This method can
be suitable for the extraction of trace amounts of PGN in the complicated biological and

environmental samples.

A novel bifunctional group monomer based molecularly imprinted polymers for the
biomimetic detection of progesterone(Nawaz et al., 2020).In this work the molecularly
imprinted polymers (MIPs) was prepared based on bifunctional group monomer itaconic
acid (IA) with hydrogen bonding interactions by applying a combination of a reversible
addition chain transfer mechanism (RAFT) and surface plasmon resonance (SPR).UV
photopolymerization in synergy with 2-methyl 2[(dodecylsulfanylthiocarbonyl) sulfanyl]
propanoic acid (TTCA) as a chain transfer reagent was employed for MIP film synthesis
on an SPR sensor chip for the detection of progesterone. In addition, the biosensor was

characterized by contact angle measurements, frontier transfer infrared spectroscopy
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(FTIR) and scanning electron microscopy (SEM). The researcher revealed that a high
adsorption capacity and excellent selectivity of the itaconic acid-based MIP (IA based
MIP) biosensor showed in comparison to other analogues and non-imprinted polymer
(NIP) film. The author suggested that IA based MIPs are ideal candidates for biosensor use
owing to the bifunctionality of the monomer with limit of detection (LOD) and limit of
quantification (LOQ), i.e., 0.28 x10® mol L and 0.92 x10° mol L™, respectively.
Furthermore, more improved methods are needed to enhance the selectivity of bifunctional

group monomer-based MIPs and their commercial utilization to imprint various analytes.

Electro fabrication of molecularly imprinted sensor based on Pd nanoparticles decorated
poly-(3 thiophene acetic acid) for progesterone detection was reported by (Cherian et al.,
2022).In this research an electrochemical composite film comprising of palladium
nanoparticles with 3-thiophene acetic acid (3-TAA) coupled with molecular imprinting
technology was proposed for the detection of progesterone. Electrochemical impedance
spectroscopy (EIS) and cyclic voltammetry were used to analyse the various modified
working electrodes (CV). The material was characterized by field emission scanning
microscopy, energy dispersive X-ray spectrometry, optical profilometry, and X-ray photon
electron spectroscopy. The researcher reported that Pd nanoparticles resulted in enhanced
sensitivity and molecular imprinting technology contributed to its specificity. The results
revealed that the MIP/Pd/CFP electrode had the lowest charge transfer resistance compared

to other control electrodes because of the molecular cavities.

A comparison of features of the molcular imprinted polymer sensors for the detection of
progesterone between this work and others are reported (Table 2.3). For example, MIP

25



based sensors for progesterone combined with surface plasmon resonance, gas
chromatography-flame ionization or HPCL achieved LODs of 8.8x 10 2 ng/mL(Nawaz
et al., 2020), 1.1x10 ng/mL (Nezhadali et al., 2016) (Caceres et al., 2018) for the first,
and second, third case respectively. These values are lower than the one reported in this
work; however, our method has many of pros over other proposed methods. Optical and in
particular photonic sensors, have the advantage of being simpler, since they are label-free
and do not require complex analytical equipment to read their responses, which can be

particularly important for in situ measurements.

Table 2. 3 Features of reported molcular imprinted polymer sensors for the detection of progesterone

Monomer Polymerization | Cross Initiator | Analytical LOD Ref.
Linker
Method Method (ng mL1)
Acrylic Acid | RAFT(UV-light) | EGDMA | AIBN Photonic 5x101 This work
Reflectance
Itaconic acid | RAFT(UV-light) EGDMA | TTCA SPR 8.8 x 1012 (Nawaz et al., 2020)
pyrrole Chemical EGDMA GC-FID (Nezhadali et al.,
polymerization 2016)
3,4- Electrochemical Voltammetry | 1x1073 (Luo etal., 2017)
Ethylenediox | preparation
thiophene
Acrylic Acid | Thermal DVvB AIBN HPLC 1.1x104 (Céceres etal.,
polymerization 2018)

High performance liquid chromatography: HPLC; gas chromatography coupled with flame ionization detection: GC-FID;
1,4-divinylbenzene: DVB;2,2-azobisisobutyronitrile: AIBN; 2-methyl-2-[(dodecylsulfanylthiocarbonyl)sulfanyl]propanoic
acid :TTCA.

2.7 Characterization techniques for Molecular Imprinted polymers (MIP)

Different of analytical techniques are applied for the chemical and morphological
characterization of Molecular Imprinted polymers (MIP), such as solid-state NMR

techniques (Annamma & Mathew, 2011), Fourier-Transform Infrared Spectroscopy (FT-
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IR) (Sole et al., 2007),as more information can be acquired about the chemical composition
of the polymer. Exhaustively, FT-IR studies are used in MIPs characterization via
investigating the polymer surface functional groups and compare between polymer and
functional monomer spectra to explore the change of some signals, as an indication of
polymerization of the polymerizable group of the monomer, such as the stretching in
carbon double bond of a vinyl functional monomer (Sole et al., 2007; Vasapollo et al.,

2011).

The morphological characteristics of MIPs are investigated using microscopy
techniques as light microscopy for different light magnification and resolution of polymer
surface ,and scanning electron microscopy (SEM) to macro-pores images (Cacho et al.,
2004). Whereas, the specific surface area, specific pore volume, pore size distribution and
average pore diameter values of the polymer particles are characterized using BET
(Brunauer, Emmett and Teller) analysis, the nitrogen sorption porosimetry technique. In
addition, the main tests to characterize the molecular recognition behavior of MIPs are the
binding capacity and selectivity, and these characteristics can be evaluated via the batch
rebinding experiments, or another approach of characterization can be done directly is to
use the MIPs as chromatographic stationary phases, and thus quick and easy results will

reveal analyzing the binding properties (Cacho et al., 2004; W.-C. Lee et al., 2008).
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Chapter 3. Optimization Factors of Molecularly Imprinted Polymer
Fabrication for the Detection of Progesterone
3.1 Introduction

In the last 20-30 years, the research concerning progesterone has significantly
grown, leading to significant progress in pregestational therapy (Céceres et al., 2018).
Progesterone hormone is secreted and controlled by the adrenal glands.PG regulates the
activity of cells and organs (Zhao et al., 2010). Recently, synthetic progesterone has been
widely used in human and veterinary therapies as growth promoters in livestock (Fent,
2015). The primary source of these disrupting compounds is an inefficient removal from
the wastewater plants (WWTPs)(Kumar et al., 2015).

Typically, the progesterone levels in wastewater treatment plant (WTP) effluents
are found at concentrations of up to 50 ng/L. In surface water, the concentrations were
similar as in treated wastewater, the levels varied between 1 ng/L to up to 100 ng/L, but
even higher sometimes (Fent, 2015). HPLC coupled with detectors such as spectroscopic
ultraviolet—visible (UV—visible), diode array, fluorescence, and mass spectroscopy offers
the determination of progesterone up to a limit of detection of 0.04-2.01 ng L—1 in
environmental waters, 0.08—2.84 ng g—1 in soils, 26—175 ng g—1 in sewage sludge and
140—410 ng L—1 in wastewater (TomSikova et al., 2012).

Molecularly imprinted polymers (MIPS) represent a competitive alternative
technique, as this detection technology consider a combination between the molecular
imprinting and photonic crystal technique (Zhou et al., 2012).In the process of fabrication

of those MIP films, the following steps are: the colloidal crystals are created; the imprinted
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Polymer is polymerized; the silica particle is removed by immersion in HF, and the elution
of the target with a suitable solvent ratio creates the film. The Molecular Imprinting (M)
technology allows two photonic characteristics: first, the fabrication of specific sites with
high selective adsorption of the target molecule within the polymer films; second, the
photonic crystals can reflect a light signal upon the target molecule adsorption(Lee et al.,
2016),(Zhou et al., 2012).

Many researchers have reported the MIPs for the detection of hormones in the
water. A molecularly imprinted polymer (MIP) photonic film has fabricated for the
detection of testosterone in water (Kadhem et al., 2018). A nanoporous materials based on
molecularly imprinted polymers (MIPs) was used, which combines the non-covalent
imprinting method with the colloidal crystal template technique to produce membranes
with pre-specified morphology capable of selectively recognizing progesterone (Casis et
al., 2014).

However, a major drawback of their technique is the lack of producibility; most of
the fabricated mips were on a lab-scale, few sensors were reported, and slow fabrication
process. In this study, an improvement of the fabrication process is proposed and
contributed to achieving commercial fabrication standards on a large-scale under
controlled conditions. Multiple parameters are optimized, such as colloidal crystal
formation, the polymerization reaction time, the time in Hydrofluoric Acid bath, and the

target elution.
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3.2 Methods and Materials

3.2.1 Reagents and Apparatus

Ethanol (99.5%, 200 proof), acrylic acid (AA) (99%), ethylene glycol dimethacrylate
(EGDMA) (98%), and 2,2’-azobisisobutyronitrile (AIBN) (98%) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Monodispersed silica particles with a diameter of
300 nm were obtained from Pinfire - Gems & Colloids (Frankfurt, Germany). Progesterone
(98%) was purchased from Cayman Chemical (Ann Arbor, MI, USA). Hydrofluoric acid
(HF) (49%) and acetic acid (96%) were supplied by Fisher (Fair Lawn, NJ, USA). Ultra-
pure water (18.2 MQ.cm at 25 0 C) was obtained from a Thermo Scientific™ Barnstead™
E-Pure™ Ultrapure Water Purification System (Waltham, MA, USA). Methanol (99%)
and HPLC- grade progesterone standard were supplied by Sigma-Aldrich (St. Louis, MO,
USA). A poly (methyl methacrylate) PMMA Plexiglass plastic slides and glass microscope
slides, both with dimensions (1 X 13 X 76) mm, were purchased from ePlastics (San Diego,
CA, USA) and Fisher Scientific (Pittsburgh, PA, USA), respectively. All chemicals were
reagent grade and used as received without further purification. Colloidal crystals were
obtained with SiO2 nanospheres through self-assembling in a custom-made experimental
chamber (Fig 3.1). The machine allows for the control of several conditions during the
deposition: stepper motor velocity, slide level height, type of deposition beaker, and
heating element location. The system is based on the use of CNC linear actuator stage led
screw (8 mm) slide rail guide with a 42-steeper motor. The stepper motor has a resolution
of 1.8°, this represents 200 steps/turn. The linear actuator was 300 mm long. The stepper
motor was supplemented by a stepper-motor gear reduction combo unit (100:1, suggesting

20,000 steps/turn)
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Figure 3. 1. The SiO; colloidal crystals assembling deposition-controlled instrument

This combination allows for (8 mm/20,000 steps) 400 um/step resolution. The stepper
motor was controlled by a microcontroller (ESP-32) using an L8729 stepper driver with
a maximal resolution of 1/256/step. Thus, the final resolution of the entire system combo
was 1.5625 pm/step. The ESP-32 was programmed in-house using Arduino IDE. The ESP-
32 human interface was using a resident Webserver in the ESP-32. Under this
configuration, any computer, phone, or tablet with internet capabilities could establish
point-point communication with the ESP-32, which was password protected. Alternatively,
we use a Nextion Oled TFT screen 340 x 200 to directly control the ESP-32 and the
parameters. The developed software allows for full control over the speed, ramping,
acceleration, delays for the stepper motor. In the holder of the CNC linear actuator, the 3D
printer magnetic holder kept the glass slides in a vertical position. These were submerged
or retrieved into the SiO2 particle suspension. The container containing the bath solution

was heated by a homemade heated plated, using a silicon heather patch. The temperature
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plate was controlled by an OMEGA PID temperature controller CND3. This configuration
allows for a temperature control +/- 0.1 °C. Different container materials were used as a
recipient for suspension: glass, polyethylene, and Teflon beakers were tested. The entire
system was placed inside of thermal isolation box, homemade with 1”7 XPS (Extruded
polystyrene) sheet. A Digital humidity (AcuRite) and temperature monitor was placed into

the box to monitor both conditions inside and outside the box.

3.2.2 MIPs Sensors Fabrication

The MIP fabrication process involves the following steps: the deposition of silica
nanoparticles to form colloidal crystals, conducted using the machine that described in the
previous, and shown in (Fig 3.2.); addition of PMMA support slides on top of colloidal
crystals; infiltration of the crystal structure by the pre-polymerization solution; UV
polymerization; silica particle removal by immersion in HF; and elution of the target with
a suitable solvent. The steps are described in more detail in the following paragraphs.

In order to obtain a stable suspension to be used in the colloidal crystal fabrication,
4 g of SiO2 particles were suspended in 150 ml of ethanol, mixed, and stirred at 300 rpm
at approximately 24 h. The colloidal crystals were created by dipping a batch of 4 clean
microscope glass slides with dimensions 1x13x76 mm vertically into different container
vials that were explained before in the previous part, containing a determined volume
fraction of SiO2 particles suspension in ethanol; the controlled velocity motor was used to
remove the slides from the suspension. The photonic crystal templates were fabricated
under different controlled temperatures 35+£0.1°C and 60+0.1°C; the relative humidity was
monitored during deposition. The slides were moved upwards from the suspension with a

specified motor velocity of 0.139 mm/min for approximately 3-4 h, accompanied by the
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volatilization of ethanol, resulting in the self-assembling of the particles forming crystals
(0.1204 mm/min) on both sides of the glass slides.

The pre-polymerization solution was prepared as follows: 62.9 mg of progesterone
as the target was dissolved in 1 ml ethanol; the functional monomer AA (439 pl) was added,
and the mixture was left for 12 h at controlled temperature 4 oC to allow the complexation
with monomer via hydrogen bonding to proceed. Then, 302 pul of the crosslinker EGDMA
was added, which corresponds to a molar ratio of target: functional monomer: crosslinker
of 1:32:8. Finally, 12 mg of AIBN was added as an initiator. Poly (methyl methacrylate)
(PMMA) plexiglass plastic slides were placed on both sides of the glass slide with colloidal
crystals, holding them together firmly, forming a “sandwich”-type structure. The
polymerization solution was allowed to rise by capillary forces, dipping one end of the
"sandwich”-type structure until the solution penetrated all the void volume of the colloidal
crystals. The polymerization reaction proceeded inside the colloidal crystal voids under
UV light at A= 365 nm for 4 h at room temperature. The non-imprinted polymers (NIPs)
were fabricated as a control with the same steps as MIPs except for the addition of
progesterone. The silica particles were eliminated by immersion in 5% HF for 24, 36, or
48 hours, followed by rinsing with deionized water exhaustively. In the last step, the target
was eluted by washing the inverse opal film with different ratios 1:9,1.5:8.5, and 3:7 (v:v)
of acetic acid: ethanol solutions, with the replacement of solution every 30 min for a total
of 3 hours or 4 hours, and the final wash was with ethanol solution only, in order to remove

the acetic acid residues from the slides.

33



Assembly of silica particles Polymerization solution UV light 365 nm

g3
8 —
[ pranta slce
Removal of silica particles with HF Progesterone removal with acetic acid/ethanol Rebinding of progesterone
E—— —

Figure 3. 2 Schematic representation of the MIPs fabrication process

3.3. Characterization of Silica NPs

3.3.1. Scanning Electron Microscope (SEM)

The colloidal crystals were imaged to investigate their morphology and size of the silica
nanoparticles by a FEI Quanta 600 FEG (Thermo Fisher Scientific, Hillsboro, OR, USA)
Environmental Scanning Electron Microscopy (ESEM). The slides were fixed firmly on a
metal rack using carbon tape, and to get a conductive surface layer, a thin layer of gold
(1.5-3.0 nm) was coated using an Emitech K575x sputter coater (Quorum Technologies
Ltd., Ashford, Kent, UK). The images were analyzed, using ImageJ software version 1.50
(National Institutes of Health, NIH). At least 3 different images for over 300 particles were

measured.
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3.3.2. Dynamic light scattering (DLS)

A Zetasizer Nano ZS instrument (Malvern Instruments) was used to investigate the silica
particle size distribution in the suspension by Dynamic Light Scattering (DLS). At least 3
suspensions of silica nanoparticles were prepared independently with a concentration of 10

mg/L.
3.4. Optimization of the Fabrication Parameters

The objective of the optimization is to achieve the uniform formation of opal films with
narrow peaks and consistent peak wavelengths, as needed for susceptible, reproducible
sensors. The quality of the material was evaluated by comparison of the optical properties
of the 3 spots tested and between different samples. The optical property is assessed in
terms of Amax values of diffraction peak of the crystals; it is desirable that the distribution
of Amax for all spectra collected have a low standard deviation, high peak reflectance value,

and narrow, well-defined peak.

3.4.1. Optimization of parameters for colloidal crystal formation

Since the packing structure of a colloidal crystal is considered the crucial factor that
determines its functioning in the optical application, various parameters are investigated

influencing the close packed-layers and thus the diffraction properties of the opal films.

3.4.1.1. Effect of Temperature

The interparticle capillary forces between the colloids depend on the evaporation rate of
the solvent in suspension. Furthermore, a balance must be achieved between the solvent

evaporation and the colloid influx rate to the meniscus region on the substrate(Jiang et
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al.).The homemade heated plated, using a silicon heather patch was adjusted for different
controlled temperatures between 50 and 70 °C with a deviation of £0.1 degree, for the
fabrication of photonic crystal templates in order to investigate the effect on the uniformity

and the film thickness.

3.4.1.2. Effect of type of container material

Different container vial materials considered were polyethylene, glass, and Teflon; at
temperature 60 °C; containing volume fraction 1.3 % suspension of SiO particles in
ethanol, were used for the fabrication of photonic crystal templates in order to explore the
effect of any interaction between the colloids in suspension and the vial walls, and
investigate the uniform formation of the films represented by the diffraction optical

response of the colloidal films by evaluating the peak wavelength and reflectance value.

3.4.1.3. Effect of the arrangement of the heating elements

Two different heating configurations, using a heating plate and patch, were employed to
heat the particle suspension to investigate the effect of the heat distribution on the colloidal
crystal formation. Both configurations allowed for temperature control +/- 0.1 °C. Type 1
heater was regular lab-made, while type 2 was a flat heater made of silicon rubber material,
it was purchased from Watlow company (Columbia, MO, USA).

The colloidal crystals were created by dipping a batch of 3 clean microscope glass
slides into Teflon container vials. The film's quality was investigated by the diffraction
optical response, evaluating the peak wavelength and reflectance value for each one, as

shown in (Fig. 3.3).
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Figure 3. 3. The arrangement of the heating elements:(a) Type 1(the bottom heater),(b)Type 2(the flat
heater).

3.4.2. Optimization of the polymerization: reaction time

The MIPs were fabricated via bulk polymerization, as it can help to create more binding
sites in the configuration arrangement of colloidal crystal structure during the imprinting
process (Nezhadali et al., 2016). The polymerization reaction proceeded inside the
colloidal crystal voids under UV light (A= 365 nm). The reaction occurred in three steps:
initiator to form active radicals; the chemical reaction chain by an active monomer; and the
termination reaction (Xiao et al., 2018). The films were placed under UV lamps for 3 h or
4 h at room temperature; the temperature of the film was controlled using cooled ice packs.
The effect of the time of UV irradiation was studied, looking at the optical response of the
colloidal films by evaluating the peak wavelength and reflectance value. After the
polymerization reaction, visual inspection was conducted for each film in order to check
whether the film was created, damaged, or detached from the slide. Faulty films are
discarded and not used in future tests.

37



3.4.3. Optimization of the silica particle etching step: time in Hydrofluoric

Acid bath

The creation of substantial macropores in molecularly imprinted films as molds is highly
favorable for mass transportation and fast accessibility to recognition sites. These highly
ordered 3D films can be formed by the removal of silica particles and making
interconnected pores in an inverse opal structure (Casis et al., 2014, Chen et al., 2019).
The silica particles were eliminated by immersion in a 5% HF bath. The effect of etching
time was investigated by soaking the films in the acid solution for 24 hrs, 36 hours, and 48
hrs, followed by exhaustive rinsing with deionized water. The resulting porous films were
characterized by their reflectance spectra in the UV-visible range, identifying the peak
wavelength and determining the shift of the Bragg’s diffraction peak after each etching
time

3.4.4. Optimization of the target elution step

3.4.4.1 Effect of the solvent composition (Acetic Acid: Ethanol ratio)

The analyte is removed to create specific binding cavities, compatible in shape, size, and
functionality group in the imprinted films (Chen et al., 2019),(L.i et al., 2012). The elution
of progesterone was conducted with a solution of acetic acid in ethanol, by soaking the film
and replacing the solution every 30 min, for 3 h. Different volume ratios of acetic acid to
ethanol were investigated: 1:9 (1 mL AA + 9 mL ethanol), 1: 5.67 (1.5 mL AA + 8.5 mL
ethanol), and 1:2.33 (3 mL AA + 7 mL ethanol). The effect of each elution solution was
evaluated by measuring the peak wavelength shift in their UV-Vis reflectance spectra, in
accordance with the properties of the photonic molecular imprinted films. After the

treatment, a visual inspection was conducted for each film, in order to check whether the
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film was damaged or detached from the slide. Thus, the faulty films were discarded and

not used in future tests.

3.4.4.2 Effect of the washing time

The optimization of the target removal process from the MIPs was also conducted with
respect to the washing time, as a shorter time for target removal is more desirable for the
entire process (Nezhadali et al., 2016). The elution was carried out by washing the film
with 1:9 (v: v) acetic acid: ethanol solutions, for 3 hours and 4 hours, both with the
replacement of clean solutions every 30 min. The shift in peak wavelength was measured
every 30 min during the experiments. A visual inspection of the film quality was conducted
to observe if the film was either damaged or detached; the films showing obvious signs of

damage were discarded.

3.5. Results and Discussion

3.5.1. Characterization of Silica NPs

Figure 3.4. shows the morphology of the colloidal crystals at 4 different
magnifications, fabricated from a 1.3 % volume fraction silica particle suspension to attain
the desired number of silica particle layers. Fig. 3.4 a,b shows SEM images of the cross-
section and the top view of the obtained colloidal crystals. The measurements of the
representative images showed that the colloidal crystal film thickness is about 3.7 pum.
Particle size measurements from the SEM images (top views only) showed a size
distribution of the particles, with an average radius of 232 nm and a standard deviation of
27 nm (Fig. 3.4 c).

The size of the silica particles was measured by DLS measurements. The results
showed that the Z- average hydrodynamic diameter was 375+7 nm, and the standard
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deviation of the uniformity of dispersion (polydispersity index) equals 0.012. Although,
the DLS commonly overestimates size due to the effect of the solvent on the hydrodynamic
diameter.

The arrangement of the SNPs in the photonic crystal films revealed several face-
centered cubics (FCC). This (FCC) with hexagonal structures is related to a complementary
optical property and refractive index of the photonic crystal (CC) films in all directions.
Fig.3.4 d showed the backscatter image of the silica nanoparticles (SNPs), which
demonstrates that the 3D ordered opal structure remains close-packed in a hexagonal lattice
(Li & Sun, 2009).

The optimal film thickness was determined to be 13 to 15 layers of silica particles in the
colloidal crystal, based on previous work (Kadhem et al., 2018). This thickness produced
an adequate number of binding sites, acceptable diffusion rates, and consequently faster
equilibrium than thicker films. As the number of layers in the colloidal crystals increases
and consequently the thickness of the produced polymer film, diffusion of target molecules
into the cavities becomes slower, and there may be a partial detachment of the colloidal
crystals and films from the surface.

The desirable thickness of the colloidal crystals film thickness was achieved by controlling
the particle concentration in the suspension. A relationship was established between the
thickness of the crystals and the volume fraction of particle suspension (Jiang et al.) as

shown in Equation 3-1:
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Figure 3. 4. SEM images of (a)colloidal crystal showing cross-section ;(b) colloidal crystal top layer ;(c)
the face-centered cubic array of colloidal crystal; (d) backscatter internal morphology of the colloidal
crystal.

=055 (3-1)

where K is the number of layers, B is the ratio between the velocity of a particle in
solution and the fluid velocity and is taken to be 1, L is the meniscus height, d is the particle
diameter, and @ is the particle volume fraction in solution. The calculated number of layers
according to equation 1, with L = 3500 um =0.013,8= 1, and d =232 nm, was 328 layers.
However, the number of layers observed from SEM images was about 13-15 layers.
However, equation 3-1 reported by (Jiang et al.), can only be applied to the vertical self-
assembly method of colloidal crystal deposition and cannot be applied to the situation in
our study and the deposition set-up, as it overestimated the no. of layers. However, the

inverse relationship between the particle volume fraction @ and the number of layers K is

still valid.
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3.5.2. Optimization Factors Study
3.5.2.1. Optimization of parameters for colloidal crystal formation

3.5.2.1.1. Effect of Temperature

The variation of ambient temperature during colloidal crystal formation between 50°C and
70 °C showed a fluctuating effect on the colloidal crystals arrays arrangement, determined
by the peak wavelength (Amax) values of reflectance spectra of the fabricated crystals.
Spectra were collected at three positions for each colloidal crystal fabricated: an upper spot
near the top border, a middle spot, and a lower spot close to the bottom side of the

deposition, as shown in (Fig.3.5).

® ©

Figure 3. 5. The spectra spot positions.

The values of upper, lower, and general spots areas were 543+2,542+3, and 542+3
nm, respectively at 50 °C; 548+4, 544+2, and 546+3 nm at 55 °C; 551+13,543+3, and
54710 nm at 60 °C; 550+14,548+13, and 549+13 nm at 65 °C; and 542+2, 541+3, and
54142 nm at 70 °C (Figure 3.6)(Figure 3.7). The results didn’t demonstrate the effect of
temperature extreme limits, nor a balanced relationship between the evaporation rate and
particles influx rate to the meniscus region. Both the highest and lowest temperatures tested
showed good results, but the in-between results didn’t show a trend with increasing
temperature. Another situation that may have caused this effect was the fact that the
intermediate temperature experiments have recorded lower ambient humidity levels than
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the highest and lowest temperatures. The high humidity level in the lab can affect the
fabrication process. The water equilibrium between liquid-gas phase and the hygroscopic
nature of ethanol solvent to attract and adsorb water molecules that can form a hydrogen
bonding between the hydroxyl group(-OH) on ethanol surface and the oxygen in water, all
of that has motivated the driving force to water vapors to condense and dissolve in solvent
suspension in higher concentrations at 50, 55, and 70 °C temperatures than 60, 65 °C.
Furthermore, these water concentrations can be considered as low ionic strength solutions
that can affect and lower the interaction forces between the particles, and thus favor net
repulsive forces in suspension and induce the individual approach of colloids to the glass
substrate to form the deposits (Cortalezzi et al., 2005; Hiemenz, 1997), as shown in

(Eq.3.2).

64 mRng kTY3 _ [2Nge?10001 )
¢R == exp ( ’—8 po— h) (3-2)

Where R (nm)is the radius of the particle, h(nm) is the spacing between two particles
surfaces, no the bulk ionic concentration, Yo is the reduced surface potential of the
particle, ks is Boltzmann constant, T is absolute temperature, | is the ionic strength, € is the
dielectric constant of the solvent, & is the permittivity of vacuum, e is the electron charge,

and Na is the Avogadro’s constant.
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Figure 3. 6. The reflective spectra of colloidal crystal obtained at different deposition temperatures: (a)
50°C,(b) 55°C,(c) 60°C, (d) 65°C, (e) 70°C.
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Figure 3. 7. The average peak wavelength of colloidal crystal versus the temperature of the deposition
chamber.

The results revealed that there is no substantial difference effect of the temperature
at highest and lowest values, both were good in terms of the low standard deviation of the

average peak wavelengths of the material deposits and consistently produced high-quality
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crystals. However, the crystal deposition at temperature 70°C was preferred more than

others for lower standard deviation values.
3.5.2.1.2. Effect of Suspension Container Type

The effect of the interaction between the colloidal particles in suspension and the vial walls
on the fabrication of photonic crystal templates was investigated using different container
types.

The results showed that the polyethylene vial type is slightly better than the glass and
Teflon containers with an average Amax of 539+3.34 nm, high reflectance value up to 45%,
narrow peak shape with no shoulders, and a low noise to signal ratio. The average Amax

when a Teflon container was used were 543+3.59 nm, while a Amax of 547+4.44 nm was

observed for the glass beaker (Fig. 3.8)(Fig 3.9).
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Figure 3. 8. The reflective spectra of colloidal crystal obtained from solutions in different container
materials at 70°C:(a) polyethylene, (b)Teflon, (c)glass.
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Figure 3. 9. The average peak wavelength for the colloidal crystal obtained in containers of different
materials.

The results demonstrated that using polyethylene and Teflon vials lowered the
interaction between the colloidal particles and the container walls, as a result, the
nanoparticle concentration was maintained fixed in the suspension and therefore created
samples with precisely controlled thickness. On the other hand, the glass vial showed less
uniform peak properties in terms of a wider peak shape and lower consistent peak
wavelength. Silica particles were attracted and deposited on the wall surface as the solvent
evaporated, in a similar process to the deposition on the glass slide. This led to colloidal
particles been removed from the suspension, and thus a reduction of the particle volume
fraction. Since the colloidal crystal thickness is related to the concentration of particles in
the suspension from which is grown, the above-mentioned effect led to a continuous
decrease in available particles and consequent thinner crystal as the deposition progressed
(Jiang et al.,) as shown in (Eq. 3-1). The results showed that colloidal crystals should be
fabricated using container materials that minimize interactions between particles and
container walls to avoid undesirable loss of particles by adsorption to the container walls

and variations in the suspension volume fraction.
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3.5.2.1.3. Effect of Arrangement of Heating elements

The heat distribution effect on the colloidal crystal fabrication was explored employing
two different heated plate configurations to heat the container containing the particle
suspension. The results revealed that type 1 heater had a better impact on the colloidal
crystal formation with an average peak wavelength Amax of 5414+3.9 nm, while type 2 the
new flat heater had an average peak wavelength Amax of 546+4.2 nm. The reflectance of
crystals produced with heater type 2 was higher than those fabricated using heater typel,

the peaks were wider and had a lower reproducibility (Fig. 3.10 and Fig. 3.11).
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Figure 3. 10. The optical reflectance of the colloidal crystal deposition using different heating
elements:(a) Type 1,(b)Type 2. Temperature 70 °C, Teflon beaker.

Using the type 1 heater, a balance between the evaporation rate and the withdrawal
rate of the substrate was afforded, and thus more uniform quality of particle arrays was
yielded. It is assumed that the solvent evaporation rate under both heater configurations
was under the steady-state condition inside the chamber, as some of the solvent vapors
were running out persistently. The equilibrium state reactions can be assumed to be a
higher-level condition between the liquid-gas phase, in case of the colloidal assembling

chamber was closed perfectly, and both phases reached the saturation concentration.
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Therefore, the enthalpy of evaporation can change according to the applied temperature
from a specific heating configuration. However, the rapid heat transfer was stimulated
while using the heater type 2, and that may have induced faster evaporation, and thus faster
influx rate of the colloids through the meniscus region, and lower quality of particles arrays

film.
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Figure 3. 11. The average peak wavelength of the colloidal crystal obtained from different arrangement of
heating elements.

Comparing the heating elements type 1 and type 2, type 1 has shown a preferable
performance in the matter of lower standard deviations of the average peak wavelengths,
also type 1 created a better quality of colloidal crystal deposition, via good heat distribution

inside the deposition chamber.
3.5.2.2 Optimization of the polymerization: Time of polymerization
reaction

The molecularly imprinted polymers (MIPs) were optimized by investigating different
times of the polymerization reaction. The optical response of the fabricated films showed
that the 3 hrs time of polymerization reaction had several advantages over 4 hrs (Fig 3.12
a,b). First, the Bragg diffraction peak wavelength Amax of different MIPs at 3 hours had

about 14% higher intensity than those that were subjected to UV-light for 4 hours, and
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more consistent reflection spectra, with an average peak wavelength at 416+ 9 nm for 3
hrs, and 433+11 nm for 4 hrs reaction time (Fig. 3.13). Besides, the shorter time yielded a
uniform film quality, a very narrow peak at 3hrs, while a wider peak at 4 hrs, and no
shoulders. An increase in the time of the UV polymerization reaction leads to an increase
in the reaction temperature, more radicals generated by the initiator, and thus faster reaction
rate, and slower termination rate, all of which contribute to the formation of highly cross-
linked, random polymers (Céceres et al., 2018). All of that, have demonstrated that 3 hrs

reaction time can form higher efficiency of imprinting films than at 4 hrs.
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Figure 3. 12. The optical reflectance of the fabricated MIPs after polymerization :(a) after 3hrs, (b)after 4
hrs.
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Figure 3. 13. The average peak wavelength of MIP films versus different times of polymerization reaction
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The results from this investigation showed that 3 hrs time of polymerization
reaction time is better than 4 hrs for the MIPs fabrication process, as it appeared to be
optimum to control the formation of the radical by the initiator, furthermore, the rection
termination time, thus more uniform film quality, and minimum damage to the fabricated

film.
3.5.2.3 Optimization of the silica particle etching step: Time in Hydrofluoric

Acid bath

The removal of the silica NPs from the molecularly imprinted polymers (MIPs), was
optimized by investigating the immersion time of the MIPs in the hydrofluoric acid bath:
24 hrs, 36 hrs, and 48 hrs. Figure 3.14. revealed a good consistency in peak wavelength
values in the UV-visible range, with an average of 427+19 nm at 36 hrs bath time in HF.
For a time in HF of 36 hrs, the silica particles removed from the polymer films lead to a
shrinkage in the imprinted cavities and cause a volume change in the hydrogel film porosity
resulting in the significant change of the Bragg diffraction peak (Chen et al., 2019). On the
other hand, 24 and 48 hrs times showed lower wavelength shifts (Fig. 3.15) with average
values of 44323 nm and 428+24 nm at 24 hrs and 48 hrs, respectively, which reflect lower
removal of the silica particles from the films. Although the time 48 hrs also demonstrated
a shift toward lower wavelengths values, it was discarded as a good option because after

visual inspection, the film appeared to be damaged.
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Figure 3. 15. The average peak wavelength of MIP films vs. time in 5% HF bath.



The results showed that 36 hrs time in HF suspension is superior to 24, and 48 hrs, as it
demonstrated higher shift values toward the lower wavelengths, thus better removal of
silica particles without producing damage to the polymer film. Therefore, 36 hrs can be
determined as the optimum time to perform a full detach of silica NPs from the fabricated

films after polymerization.

3.5.2.4 Optimization of the target elution step

3.5.2.4.1. Effect of the solvent composition (Acetic Acid: Ethanol ratio)

Figure 3.16 a,b,c showed the optimization results of the target analyte elution from the
prepared polymer molecule template. Three different washing ratios of acetic acid: ethanol
at 1:9 (1 mL AA + 9 mL ethanol), 1: 5.67 (1.5 mL AA + 8.5 mL ethanol), and 1:2.33 (3
mL AA + 7 mL ethanol)volume in volume were tested (Fig 3.17). The results of the
reflectance spectra of the films with washing ratio (1:9) (Fig. 3.16 a)showed a shift toward
shorter wavelength of visible spectra region (350-450), with an average Amax value of
395£15 nm, which reflects the removal of the analyte from the binding sites and the
shrinking of the hydrogel film (Zhou et al., 2012). (1.5:8.5) washing ratio, the spectra had
an average Amax of 414+19 (Fig. 3.16 b), but with poor quality of optical response in terms
of a wide peak shape, undefined maximum reflectance, and slightly damaged film. With
increasing ratio of acetic acid: ethanol up to 3:7, the films appeared to be totally damaged
and detached from the slides. The optical response was inspected, and it appeared that the

average wavelength reached to be (408+28 nm) with deteriorated peak shapes(Fig 3.16 c).
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Figure 3. 16. The optical reflectance of the fabricated MIPs with different washing ratios of (Acetic acid:
Ethanol v:v) :(a) 1:9, (b) 1.5:8.5,(c) 3:7.
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Figure 3. 17. The average peak wavelength of MIP films vs. different solvent composition (Acetic Acid:
Ethanol ratio).

The ratio of 1:9 of ethanol/acetic acid solution has revealed higher removal of the analyte
particles than 1.5:8.5, and 3:7 ratios, with the higher shift toward lower wavelengths

along with maintaining the quality of fabricated films.
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3.5.2.4.2. Effect of the washing time

Different washing times were investigated for the removal of the target analyte from
imprinted polymer films, UV-vis reflectance spectra were recorded after washing the film
with 1:9 (v: v) acetic acid: ethanol solutions, for 3 hours and 4 hours, both with the
replacement of clean solutions every 30 min. The shift in peak wavelength was measured
and checked every 30 min during the experiments. The results of Figure 3.18 a,b, and
Figure 3.19 showed that the 3 hrs washing time had higher elution efficiency of the target
molecules from the MIPs matrix. No further shift toward shorter wavelength value was
detected beyond 3hrs with an average final Amax of 390+21 nm. This can be explained by
the change in Bragg diffraction due to the progesterone molecules extraction from the
nanocavities and consequent shrinking of the hydrogel film, which reached the maximum
limit when all the progesterone was removed. Figure 3.18 b showed that washing time 4hrs
had a decrease in wavelength shift with an average value of 405£29 nm. This result can be
attributed to at this washing time the film excessive exposure to the acetic acid and ethanol
solution which caused damage to the film cavities and made the hydrogel film nanopores
wider (Ricanyova et al., 2010). This effect was reflected on the detected Bragg diffraction

peaks signal and led to the shift back to higher wavelengths.
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Figure 3. 18. The optical reflectance of the fabricated MIPs after different washing times :(a) 3 hrs, (b) 4
hrs.

After investigating the results of the optimization of the washing time, it can be concluded
that 3 hrs achieved high analyte removal, without causing any excessive damage to the

film.
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Figure 3. 19. the average peak wavelength of MIP films vs. different washing times.

3.6. Conclusion

This study highlighted the influence of the optimization factors of molecularly
imprinted polymer fabrication. The colloidal crystal fabrication showed good results at all
temperatures investigated. Lower surface interaction was yield using polyethylene
container type. A good balance between the evaporation rate and the withdrawal rate of the
substrate was afforded using the Type 1 heater element. However, the reflectance of
crystals produced with heater 2 was higher than those fabricated using heater type 1; the
peaks were wider and had a lower reproducibility. On the other hand, shorter

polymerization reaction time allowed the control of the formation of the radical by the
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initiator, furthermore, reduced the damage in the fabricated MIPs. The wavelength shift
values have revealed that time 36 hrs is the optimum time to perform a full detach of silica
NPs from the fabricated films after polymerization. The results of the optimization of the
target elution step: the solvent composition (Acetic Acid: Ethanol ratio) with washing ratio
(1:9), had higher removal of the analyte from the binding sites than other ratios, without
causing any damage to the film. The progesterone molecules extraction from the
nanocavities and consequent shrinking of the hydrogel film had reached the maximum limit
at 3 hrs washing time, represented by a higher shift toward shorter wavelength. Overall,
the optimal conditions for the synthesis of MIPs for PG were defined following
experimental design, which helped to avoid all unfavorable conditions that would produce

damaged or faulty MIPs, and therefore reduce a large number of syntheses.
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Chapter 4. Detection of Progesterone in Agueous Samples by
Molecularly Imprinted Photonic Polymers

4.1 Introduction

Progesterone is a naturally occurring estrogenic compound in the cholesterol-long
biosynthetic pathway. The average level of progesterone produced by women daily during
their monthly cycle is about 20-25 mg, and increases to 300400 mg daily during
pregnancy(Ricanyova et al., 2010). In addition, synthetic progesterone has been
extensively used in human and veterinary therapies as growth promoters in cattle (Fent,
2015), as contraceptive pills, to promote regular menstrual cycles, to treat abnormal uterine
bleeding, control the symptoms of menopause, and prevent endometrial cancer (Golovko
et al.,, 2018). Large amounts of steroid hormones, as for example progesterone,
testosterone, and estradiol, are released into surface waters, causing adverse biological
effects both on humans and wildlife; commonly large quantities of progestonic entities are
excreted through urine. The primary cause of the occurrence of progesterone and other
endocrine disrupting chemicals in the environment is the release of untreated or partially
treated effluents from the wastewater plants (WWTPs)(Kumar et al., 2015). Concentrations
reported in surface waters ranged from 5 to 199 ng L1, and over 6,300 ng L in waste

stabilization ponds (Wasps ) (Kambale et al., 2019).

High performance liquid chromatography (HPLC) with variety of detectors
including ultraviolet—visible (UV-visible), diode array, fluorescence, and mass
spectroscopy allows for the measurement of progesterone down to 0.04—2.01 ng L in

environmental waters, 0.08—2.84 ng g in soils, 26—175 ng g? in sewage sludge and
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140-410 ng L in wastewater(X. Huang et al., 2008). Other methods have also been
applied, combining adsorption or concentration media and analytical techniques: LC mass
spectroscopy (LC-MS)(Tomsikova et al., 2012), HPLC with diode-array detection (HPLC-
DAD) (X. Huang et al., 2008). Some of these methods require significant pretreatment
steps, expensive, time-consuming, and not easily accessible. Consequently, there is a need
for simple and reliable method for the analysis of progesterone that will facilitate the

detection and monitoring of this hormone in natural waters (Chang et al., 2011).

Molecularly imprinted polymers (MIP) fabrication process include the spatial
allocation of the target molecules via a careful design polymerization and creating a
complementary binding nanocavities, a subsequent target removal and allowing the “key-
lock” principle similar to enzymes rebinding mechanism, with high affinity to the target
molecules(Alvarez-Lorenzo, 2013). MIPs have been reported for the detection of
hormones and other endocrine disrupting chemicals in water (Caceres et al., 2018),
molecular imprinting-based solid-phase extraction (MI-SPE) has provided a powerful way
to improve the recognition selectivity and detection sensitivity for chemo/bioanalysis in
complex matrices(Arabi, Ostovan, Bagheri, Guo, Wang, et al., 2020), hydrophilic
molecularly imprinted nanospheres (MINSs) utilized as dispersant sorbent in matrix solid
phase dispersion (MSPD) for the extraction of rhodamine B (RhB) as the illogical food
additive dye from different foodstuffs, followed by HPLC analysis(Arabi, Ostovan,
Bagheri, Guo, Li, et al., 2020),and a specific recognition and extraction of the blood
pressure regulating drugs valsartan (VAL) and losartan (LOS) using water compatible
hollow porous molecularly imprinted nanospheres (HP-MINs)(Gholami et al., 2019). The

high sensitivity and selectivity has been achieved applying a combination of diverse
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nanomaterials, sophisticated, complex sensing and manufacturing processes. Photonic
MIPs are label free sensors that combine non-covalent imprinting and colloidal crystal used
as templates to produce optically active thin films (Casis et al., 2014). Their simple
operation makes them ideal candidates for field measurements or for point of care
biomedical applications. However, their optical properties have shown to be very sensitive
to the fabrication parameters, which resulted in variability between manufacturing batches.
An enhanced control in the multi-step fabrication process and a full understanding of the

effect of the parameters involved are highly needed but still lacking.

The objective of this work was to fabricate a photonic molecularly imprinted sensor for the
detection of progesterone in aqueous media and to optimize the control in the fabrication
processes by a systematically investigation of selected factors in the colloidal crystal
formation, polymerization reaction, etching, and the target elution processes, mainly
temperature, humidity and colloid concentration during crystal growth, polymerization and
acid bath time, and elution solution formulation in order to enhance both the morphological

and chemical binding properties of the MIP.

We fabricated and tested a MIP capable of selectively recognizing progesterone in water
samples. The label free-photonic MIP displayed shifts of the peak wavelength (Amax) of
their reflectance spectra driven by the selective rebinding of the progesterone molecules
(Han et al., 2020; Z. Lin et al., 2020). The capture and detection of progesterone in test
samples was investigated via equilibrium and kinetics tests. Subsequently, the effect of
potential background interference, such as presence of dissolved salts and their selectivity
in the presence of other steroid hormones with the similar chemical structure was
evaluated, through experiments and computational methods.
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4.2 Methods and Materials

4.2.1 Materials

Monodispersed silica particles with a diameter of 300 nm were obtained from Pinfire -
Gems & Colloids (Frankfurt, Germany) and characterized by electron microscopy in a FEI
Quanta 600 FEG Environmental Scanning Electron Microscopy,(Thermo Fisher
Scientific,Hillsboro, OR, USA)(https://www.thermofisher.com/us/en/home.html).Ethanol
(99.5%, 200 proof), acrylic acid (AA) (99%), ethylene glycol dimethacrylate (EGDMA)
(98%), methanol (99%), HPLC-grade progesterone standard, and 2,2-
azobisisobutyronitrile (AIBN) (98%) were purchased from Sigma-Aldrich(St. Louis, MO,
USA).(https://www.sigmaaldrich.com/united-states.html). Progesterone (PG) (98%) was
purchased from Cayman Chemical (Ann Arbor, M,

USA)(https://www.caymanchem.com) and used in the MIP fabrication process.

Hydrofluoric acid (HF) (49%) and acetic acid(HAc) (96%) were supplied by Fisher, (Fair
Lawn, NJ, USA) (https://www.fishersci.com). A Thermo Scientific™ Barnstead™ E-
Pure™ Ultrapure Water Purification System (Waltham, MA, USA). was used to high
purity (Type I) water (18.2 MQ.cm at 25 °C). All chemicals were reagent grade and used

as received without further purification.

4.2.2 MIP Fabrication

The sensor fabrication process involved the deposition of silica nanoparticles to form
colloidal crystals, the infiltration of the crystal structure by the pre-polymerization
solution, polymerization, SiO2 removal by HF, and elution of the target with a solvent
(Fig. 4.1). A 1.3% volume fraction suspension of SiO> in ethanol(4 g) in 150 ml, the

suspension was stirred at 600 rpm for 1 h and then sonicated for another hour. this
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process was repeated three more times. Clean glass slides were inserted vertically into the
suspension and removed by a step motor in a custom-made chamber that allows for the
control of the slide removal velocity and temperature during the deposition (Fig.4.1 a).
The step motor was operated at a constant speed of 0.14 mm/min and the temperature
was maintained at 70 0.1 °C with a heated plated, controlled by an OMEGA a
proportional-integral—derivative controller (PID) temperature controller CND3

series(Fig.4.1 b).

Infiltration Process
i
00 00 T
Removal of Silica Particles Removal of Progesterone

UV light, 365 nm

g"_

HAc+EtOH

Figure 4. 1. Schematic representation of the MIPs fabrication process: (2) silica deposition machine; (b)
colloidal crystal formation; (c) infiltration process; (d) polymerization reaction; (e) silica particles etching;
() target elution.

The pre-polymerization solution was fabricated as follows: 62.9 mg of PG was
dissolved in 1 ml ethanol and AA (439 pl) was added; the mixture was left for 12 h at 4 °C

to allow the complexation of the target with monomer via hydrogen bonding to proceed
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before addition of 302 ul of the crosslinker EGDMA, resulting in a molar ratio of 1:32:8
(PG:AA:EGMDA). Finally, 12 mg of AIBN was added as initiator. The optimum template-
functional monomer-cross-linker molar ratio was chosen based on results from our
previous studies; minimum resistance was provided using AA, it showed high penetration
of the solution and diffusion of the target due to its hydrophilicity, while the polymer was
cross-linked to a degree that it produced a connected matrix but still allowed some
flexibility for the chains to swell/shrink upon binding/eluting of the target(Dai & Fidalgo
de Cortalezzi, 2019; Kadhem et al., 2018). A PMMA slide was placed on each side of the
glass slide and one end of this "sandwich”-type structure was allowed to contact the pre-
polymerization solution and infiltrated the colloidal crystal by capillary forces (Fig.4.1 c).
The assembly was irradiated with UV light at A= 365 nm for the polymerization reaction
to proceed for 3 h (Fig.4.1d). The glass slides and SiO: particles were etched in 5% HF for
36 hours, followed by extensive rinsing with deionized water (Fig.4.1 e). In the last step,
the target was eluted by washing the polymeric film with a 1:9 (v:v) HAc: EtOH solution,
with replacement of solution every 30 min for a total of 3 hours, and final rinse with ethanol
in order to remove the HAc residues from the slides. (Fig. 4.1 f). Non-imprinted polymeric
(NIPs) films were fabricated as controls following the same steps as MIPs except for the
addition of PG. Further fabrication details are added to the supplementary information

section.

4.3 Characterization

The colloidal crystals and polymeric films were imaged to investigate the particle
or pore size and morphology by a FEI Quanta 600 FEG (Thermo Fisher Scientific,

Hillsboro, OR, USA) Environmental Scanning Electron Microscopy (SEEM). Samples
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were attached to stubs with conductive carbon tape and sputter with a thin layer of gold
(1.5-3.0 nm) using an Emitech K575x sputter coater (Quorum Technologies Ltd., Ashford,
Kent, UK). The images were analyzed using ImageJ software version 1.50 (National

Institutes of Health, NIH). At least 3 different images for over 300 particles were measured.

A Zetasizer Nano ZS instrument (Malvern Instruments) was used to investigate the silica
particle size distribution in the suspension by Dynamic Light Scattering (DLS). At least 3
suspensions of silica nanoparticles were prepared independently with a concentration of 10

mg/L.

Attenuated-total-reflectance-Fourier ~ Transformed Infrared  Spectroscopy (ATR-
FT-IR)was used to investigate the chemical structure of the material, and the
spectra of the polymeric films were collected using a Nicolet 4700 FT-IR
(Thermo Electron Corporation, Waltham, Massachusetts, U.S.A), between the

wavelengths of 4000-400 cm™™.

The equilibrium swelling experiments were performed on NIPs in phosphate buffer at
two pHs (4 and 7), at 25 C. The polymers were swollen in solutions for 48 h at room
temperature to reach equilibrium, and the degree of swelling was determined
gravimetrically. The percentage of swelling ratio (SR) was evaluated from the following

expression 4.1.
SR =(mg —mg)/ mq (4.1)

where ms is the mass of the swollen film at equilibrium and mg the mass of the

lyophilized films.
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The optical response of the sensor was assessed by recording the reflectance
spectrum before and after incubation in PG solutions, and the Amax wWere

connected with sample test concentration(see the Supplementary information).

In the Kinetics experiments, the MIPs were first immersed in DI water for 20
minutes and then incubated under gently shaking in a 20 ug L't PG solution; slides were
removed from the solution and reflectance spectra recorded every 2 min during at least 12
minutes. Equilibrium rebinding experiments were conducted in PG solutions of variable
concentrations, from 1-100 pug L%, In a typical experiment, MIPs were first immersed in
DI water for 12 minutes and then the films were incubated in 25 ml of each PG solution
using a shaker (orbital shaker, Cole-Parmer, IL, US) to facilitate the transport of the target
molecule from the bulk solution into the porous film. After equilibrium was assumed, the

slides were removed and rinsed with DI water and their reflectance spectra recorded.

The effect of ionic strength on the sensor response was investigated by the
incubation in PG standard solutions with a background ionic strength of 150 mM as NaCl.
This level of IS is representative of some industrial wastewater or brines, high salinity
groundwater or physiological conditions, as the sensor may be applied in the detection of
PG in body fluids. To investigate the recognition ability of the MIPs film and NIPs film, a
group of selected structurally similar compounds were selected: estradiol, hydrocortisone,
and dehydroepiandrosterone-sulfate (Figure S.4.1 Supplementary data). The sensor
response to a concentration 5 pg L of the analog compounds was compared to that
corresponding to PG. The measurements were repeated at least 5 times with different

sensors for each hormone in the study. The concentration of all test solutions were validated

64



by HPLC MS/MS. The analytical methods and the standard solutions preparation are in

ESM(see the supplementary data).

The sensor was tested in real water samples collected from wetlands near Columbia,
Missouri, and tap water at the University of Missouri (coming from Water Treatment Plant
with Columbia Utilities) that were spiked with PG. Immediately after collection, the
sampled water was characterized by pH, conductivity and total organic carbon (TOC)
measurements using a Shimadzu TOC-VCPN analyzer. The MIP-sensor were first
immersed in clean water for approximately 12 minutes and the initial diffraction peak
measured; secondly, the sensors were dipped in the spiked solutions, let to equilibrate for
12 minutes and rinsed with DI before reading wavelength shift. PG concentrations were
determined by the optical response as established by the Bragg equation that relates the
diffraction peak (Amax ) for the polymer. Sensor measurements were validated by analytical
determinations of the PG concentrations in the samples, by Liquid Chromatography Triple
Quadrupole Mass Spectrometry (LC-MS/MS)). The experiments were conducted in
triplicate.

The electrostatic potential calculations were performed using Gaussian 09W software,
applying the density functional theory (DFT) method with the hybrid Becke, three-
parameter, Lee-Yang—Parr functional (B3LYP) and Pople’s basis set 6-311G
(2d,p)(Azofra et al., 2013; Krishnakumar & Balachandran, 2005; H. Lin et al., 2008). No
symmetry constrain were imposed; potential energy surface minima were verified by
vibrational frequencies (Azofra et al., 2013). Solvent effects were included using SMD
continuum solvation model(Azofra et al., 2013). The molecular electrostatic potential

mapped onto the isodensity surfaces was visualized using Gauss View 6(Kolar et al., 2019)
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and the quantitative analysis of molecular surfaces were performed using Multiwfn 3.8(J.

Zhang & Lu, 2021).

4.4. Results and Discussion

4.4.1 Characterization of silica particles and films

The size of the silica particles was measured by DLS measurements. The results
showed that the Z- average hydrodynamic diameter was 3757 nm, with a polydispersity
index of 0.012. The results are in general good agreement with nominal values as reported
by the manufacturer, since DLS commonly overestimates particle size due to the effect of

the solvent on the hydrodynamic diameter.

Figure 4.2 shows the morphology of the colloidal crystals and the molecular imprinted
polymeric films. Figure 4.2 a,b shows the top and cross-sectional view of the colloidal
crystals structure. Particle size measurements from the SEM images yielded a size
distribution of the particles, with an average radius of 232+27 nm. Since the packing
structure of a colloidal crystal is considered the crucial factor that determines its
functioning in the optical application, the desirable thickness of the colloidal crystals film
thickness was achieved by controlling the particle concentration in the suspension. A
relationship was established between the thickness of the crystals and the volume fraction

of particle suspension (P. Jiang et al., 1999) as shown in Equation 4.2:

pLo (4.2)

" 0.605d(1-0)

where K represents the number of layers, B is proportion of the particle velocity in solution
to fluid velocity (assumed to be 1), L is meniscus height, d is the diameter of the particle,
and @ is the particle volume fraction in the solution. The calculated number of layers
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according to equation 1, with L+ =3500 um =0.013,8= 1, and d =232 nm, was 328 layers.
However, the number of layers observed in the SEM images was about 13-15 layers. Since
Equation 4-2 was derived for colloidal crystals fabricated by evaporation of ethanol at room
temperature with a fixed vertical substrate (P. Jiang et al., 1999), it is not unexpected that
it did not provide a very accurate prediction their thickness under the conditions of the
current study, as it overestimated the number of layers obtained. However, the inverse
relationship between the particle volume fraction @ and the number of layers K was still
valid. Fig 4.2 c, d show the porous structure of the imprinted film after the removing of the
silica. The surface porosity of the polymer afforded higher surface area and more available

binding sites.

Figure 4. 2. SEM image of silica particles: (a) colloidal crystal top layer; (b) colloidal crystal cross section;
(c) polymer structure; (d) surface porosity.
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The bond between the chemical functional groups of the polymer and the PG
molecule was investigated by ATR- FTIR. Spectra for MIP films before and after PG
removal as well as NIPs were obtained (Figure 4.3). Different absorption bands appeared
for MIPs after PG removal compared to the MIPs before target removal and the NIPs. The
ATR-FT-IR spectrum displayed a peak at 3000 cm™ corresponding to O-H group, in the
range 2500-3500 cm™ of the characteristic profile of the carboxylic acids; this peak
observed in the MIP film after target removal. Additionally, the peak at 1750 cm™ is related
to carbonyl group (C=0) of the monomer, which can be evidence of a total removal of the
PG target from the MIP film. The non-covalent binding of the PG with the polymer before
the washing process inhibited the absorption by the functional groups involved, while after
PG removal, those groups were free to interact with the incident light and showed stronger

adsorption bands [22].
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Figure 4. 3. ATR-FT-IR spectra of different films: (a) MIP after progesterone removal; (b) NIP; (c) MIP
before progesterone removal.
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The SR % of hydrogel film depends on the cross-linking and charge densities of the
polymer network. High degree of the swelling translates into a larger variation in the
photonic crystal structure, which, in turn, is associated with a more significant optical
response. AA films presented high swelling ratio at neutral pH than at acidic pH (Figure
4.4). At the higher pH, the carboxyl group is deprotonated to a higher extent, leading to
electrostatic repulsion that causes the swelling ratio to be outweighed. On the other hand,
at low pH value when carboxyl groups present in the polymer reduce the repulsive
interactions between the polymer chains, resulting in less swelling, where AA expected to

be present in its ionic form, with pKa of 4.26.

80
70 mAA
60
50
40

30

Swelling Ratio

20

10

pH

Figure 4. 4. Swelling ratio (%SR) variations of AA films with pH.
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4.4.2 Analysis of manufacturing parameters

The colloidal crystal formation was investigated at 50+0.1 and 70+0.1 °C in order
to investigate the effect of temperature on the uniformity and film thickness, and thus the
diffraction properties of the opal films,(see Fig S.4.2 in the supplementary data)(P. Jiang
et al., 1999). However, the crystal deposition at temperature 70°C was preferred for lower

standard deviation values and the faster crystal formation.

Another variables were investigated in the photonic film fabrication: time in hydrofluoric
acid bath, elution time and solution concentration. (S. Chen et al., 2019). The 36 hr time
was superior to 24hr as it demonstrated higher shift values, evidencing better removal of
silica particles without producing damage to the polymer film that was observed after 48
hrs immersion in the HF bath. In addition, three different washing ratios of acetic acid:
ethanol (v:v) were considered for the PG removal. The results showed a maximum shift
toward shorter wavelength of visible spectra region to an average of 395+15 nm of the
reflectance spectra with washing ratio (1:9) (Figure S.4.2 c), which reflects the removal of
the analyte from the binding sites and the shrinking of the hydrogel film (Zhou et al.,
2012).Besides, the results showed that 3 hrs washing time had high efficiency of target
molecules elution from the MIPs matrix. Longer times proved to be excessive exposure to
the acetic acid and ethanol solution, as the 4 hour washing time caused damage to the film
polymeric structure (Ri¢anyova et al., 2010) and led to the shift back to higher wavelengths

(Fig. S. 4.2d Supplementary data)
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4.4.3. Kinetics and Equilibrium of binding

The kinetics experiment of PG rebinding to the MIPs showed a progressive shift in the
peak wavelength of the reflectance spectrum that leveled off after about 12 minutes,
calculated as the average time of 6 different MIPs tested; the peak wavelength remained
stable for the remainder of the experiment (Fig. S4.3, Supplementary materials). The
adsorption of PG into the imprinted sites involves the transport of the molecule form the
bulk of the solution to the binding site and the adsorption step. The porous morphology of
the sensor is expected to provide numerous binding sites close to the polymer-liquid
interface, which can be reached relatively fast, and other sites inside the polymer matrix.
The utility of the latter for sensing is limited by the diffusion step of the molecules through
the solid, which is much slower than the movement through the liquid in the pores. Gently
mixing was applied during incubation in this work, to accelerate the transport of PG
molecule through the porosity, leading to shorter equilibration times that those previously

reported (Kadhem et al., 2018).

The equilibrium incubation experiments showed a gradual shift to higher
wavelengths in the peak of the reflection spectra with increasing concentration of PG
solutions; the shift was measurable after exposures to concentrations as low as 1 ug L™.
Ten MIP films were tested in each solution; the average and standard deviation of the
observed shifts are shown in Fig. 4.5 a. The photonic properties of the MIPs changed with
the amount of the rebinding of PG molecules, which in turn can be correlated with the
peak wavelength of the reflection spectrum; increasing the concentration of the target in
the incubation solutions produced a shift of the peak to a longer wavelength [22- 24].

Moreover, the shift observed after exposing the NIPs to the PG solutions was much lower,

71



which revealed some degree of non-specific adsorption occurred in the NIP films, that can
be interpreted as background or noise for the technique.

Fig. 4.5 b shows the result of the observed reflection spectra of the MIPs incubated
in solutions of different concentration of PG. A noticeable decrease in Amax intensity
appeared with increasing PG concentrations. This can be attributed to uneven swelling of
the porous hydrogel during rebinding, producing an uneven deformation of the structure
that reduced its photonic characteristics. However, peak wavelength values could be

identified for each case, with no negative effect over the sensor performance.

The MIP sensor was able to detect concentrations of PG from 1 —100 pg L (Fig.
4.5). The detection limit (LOD) was determined to be 0.5 pg L' LOD was calculated as
the concentration resulting from three times the standard deviation of 5 independent
measurement of the blank (3o criterion) (standard deviation measured on wavelength =4.9
nm) (S/N=3)(Kasambala et al., 2019).The limit of quantification (LOQ) was determined to
be 2 ug L% it was calculated as ten times the standard deviation of 5 independent
measurement of the blank (10 ¢ criterion) (standard deviation measured on wavelength =
9.5 nm) (S/N=10). The MIP exhibited relatively a linear response with concentration,
between 1 — 20 pg L7, but flatten to a plateau as it approached saturation for higher
concentrations. A larger total diffraction peak shift denoted a much stronger binding
affinity of PG to the MIP than NIP. The same manufacturing protocol was carefully
followed in the fabrication of all MIP sensors. However, the high standard deviation of the
measurement values in (Fig. 4.5 a) evidenced variations in films, possibility due to
differences in binding cavities in the polymeric structures and degradation or unreacted

compounds that act as contaminants of solutions during sensor use. Generally, the
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affordability, ease of fabrication and use make MIPs an ideal technology for on-site
screening and/or quantification of PG in water. Although film reproducibility was
improved by the analysis of parameter presented in this study, more work is needed in the
control of the fabrication process that will enhanced the accuracy of the
technology(Kadhem et al., 2021). A comparison of the sensor developed in this work with
others reported in the literature evidences its shortcomings. For example, MIP based
sensors for progesterone combined with surface plasmon resonance, gas chromatography-
flame ionization or HPCL achieved LODs of 8.8x 10 2 ng/mL(Nawaz et al., 2020),
1.1x10*ng/mL (Nezhadali et al., 2016) (Caceres et al., 2018) for the first, and second, third
case respectively. These values are much lower than the one reported in this work;
however, a direct comparison with these methods ignores the pros of our proposed sensor.
Optical and in particular photonic sensors, have the advantage of being simpler, since they
are label-free and do not require complex analytical equipment to read their responses,

which can be particularly important for in situ measurements.
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Figure 4. 5. Optical response of MIPs sensors after incubation at various concentration of PG aqueous
solutions: (a) diffraction peak shift; (b) reflectance spectra. The standard deviation and mean average are
calculated based on the measurements of at least ten individual MIPs sensors for each concentration
(sample volume = 25 mL, incubation time = 12 min, temperature= 25°C, n=10).
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4.4.4 Effect of lonic Strength

The variation of sample characteristics (i.e. ionic strength) might affect the sensor
response in the form of peak wavelength shift not associated with PG rebinding (W. Chen
et al., 2016). The ionic strength (IS) of the test solution may affect the sensor response in
two main ways: first, the addition of charged ions would results in the compression of the
electric double layer at the polymer-solution interface and a decrease in the electrostatic
repulsive forces of the surfaces within the pore structure, which contribute to less swelling
under similar rebinding conditions; second; the influence of salt ions on the MIP binding
affinity under the Hofmeister effect. The MIPs were applied to the quantification of PG in
standard aqueous solutions with a background ionic strength of 150 mM NacCl
concentration (Fig. 4.6). While the average peak wavelength shift at each PG concentration
was similar to the deionized water solutions, much less variability at 150 mM IS was
observed in the readings of different sensor. The responses resulted in lower standard
deviations, narrower peaks, higher reflectance intensity and more consistent responses of

the polymer hydrogel film other than for the deionized water solution.
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Figure 4. 6. Optical responses of the MIPs sensors after incubation at various concentration of PG aqueous
solutions, 150 mM NaCl. The standard deviation and mean average are calculated based on the
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measurements of at least ten individual MIPs sensors for each concentration:(a) diffraction peak shift; (b)
reflectance spectra (sample volume = 25 mL, incubation time = 12 min, temperature= 25°C, n=10).

The larger peak shift hints to an enhanced binding efficiency of the MIPs after incubation
in IS solutions [24—-26] with respect to that observed in deionized (DI) water solutions (Fig.
4.6 a). This can be related to the effect of IS on the hydrogel swelling degree (J. Huang et
al., 2008) as well as the increased non-specific adsorption and interaction with compounds
promoted by the IS. This enhanced optical response of MIPs IS with suggested that the
second effect is more likely and pronounced than the first one in this case, which can be
explained by the solvation energy disparities between the kosmotropic salt ions and the
neighboring water molecules. The observation follows the mechanism of the Hofmeister
series of cations, especially being the sodium the most kosmotropic cation. The
kosmotropic ions presence can increase of the general cohesiveness of the solution by the
solvation energy, as well as the hydrogen bonding between PG and the polymer, thus

decreasing the interference from the water molecules in the recognition nanocavities.

4.4.5 Effect of analog compounds

The selected analog compounds are steroid hormones, naturally synthetized from the
cholesterol molecule and have chemical structures similar to PG. Other compounds can
potentially be adsorbed into the imprinted cavities, if they have comparable molecular size
and similar functional groups, and as a result hinder the correct determination of PG by
the MIPs. Consequently, the binding affinity of the MIPs for PG might be affected
significantly by the presence of the analogue hormones, and the sensor optical response as
well. The binding affinity depends mainly on the size and shape of the target molecule, as

well as the degree of interaction of binding sites. The target preferentially occupied the
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imprinted cavities within the hydrogel film due to the congruent shape, size, and interaction

sites with the formed binding sites.

The PG MIPs were incubated in 5 ug L™ solutions of each one of the chemicals and the
results are shown in Fig. 4.7. As expected, the MIPs showed the highest response towards
the PG hormone with a peak wavelength shift of 12+3.5 nm due to the affinity of the PG
to the imprinted nanocavities within the film. Incubation of the film in the 17-f estradiol
solution produced a shift of 6£2.5 nm, about half of the target molecule. Estradiol is the
closest to PG in chemical structure of all tested compounds, slighter smaller with some
differences in functional groups two hydroxyl groups in lieu of ketone groups.
Hydrocortisone solutions yielded a shift of 4.7+ 3.2 nm; although hydrocortisone shares
many structural and functional groups characteristics with PG, the results suggested that
the additional carbon in the C17 chain effectively decreased the binding affinity to the PG-
imprinted sites. On the other hand, the DHEA-S test solution gave the lowest wavelength
shift value with 2.7£2 nm. The presence of the sulfate group attached from C3 appeared to
produce a steric hindrance to the rebinding and lowered the binding affinity within the film.
Meanwhile, a minimum response towards the adsorption solutions without specific binding
cavities, and thus, one type of non-specific adsorption interaction showed by the NIPs, due
to the general attraction between the polymer surface material and the compounds. The
selectivity of NIPs was evaluated as an average diffraction peak shiftas 1.1 ,1.3 1.19, and
1.2 nm for progesterone, 17f-estradiol, hydrocortisone and Dehydroepiandrosterone
sulfate, respectively. Although the sensor response was significantly higher for PG than for
the other molecules, the results indicated that a similar but smaller molecule may be able

to bind to a significant degree and produce a false reading of PG concentration. The binding
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affinity of different analogues towards the MIP and NIP film reveled that the specific

binding sites is the key for the recognition of the template molecule.
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Figure 4. 7. The diffraction peak shift of the MIPs and NIPs when incubated in progesterone and 3potential
interfering compounds (17p-Estradiol, Hydrocortisone, Dehydroepiandrosterone sulfate), (sample volume =
25 mL, incubation time = 12 min, solution concentration=5 pug L , temperature =25°C, n=5).

In order to compare the molecular shape, size and electrostatic potential values of the
selected hormones, the molecular electrostatic potential surface, which is a plot of
electrostatic potential (ESP) mapped onto the iso-electron density surface, was calculated
(see Fig.S 4.3 Supplementary data)(Boufas et al., 2014). Regions with most negative and
most positive electrostatic surface potentials are colored with red and blue, respectively. In
addition, quantitative analyses were performed, and the calculated parameters are
presented in Table S 4.2 Supplementary data. The only molecule that is smaller than
progesterone is the estradiol, and, consequently, it the only one that can fit in all cavities
imprinted by progesterone in MIP sensors (see table S.4.2). This is because its aromatic
ring that makes planar that part of the molecule, as it can be appreciate in the side-view in
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Fig. S.3. Although its smaller size, the estradiol exhibited less interference that could be
expected (Figure 4.7); the observation can be explained comparing the ESP distribution on
the iso-electron density surface and the polarity of the molecule. Estradiol surface is
dominated by nonpolar interactions (62.3% of its area is nonpolar) and is the hormone with
the smaller molecular polarity index. In addition, the top-view in Figure S 4.3 shows that
the ESP distribution on both hormones is quite different. These factors make it difficult for
estradiol to interact with the functional groups imprinted in the cavities by progesterone.
On the other hand, hydrocortisone and DHEA-S has more similar ESP distribution on the
iso-electron density surface and polarity. However, the volume of these hormones is larger
than progesterone and therefore, they cannot fit in all cavities imprinted in MIP sensors.

This is in agreement with the low interference by these molecules observed in the assays.

4.4.6 Analytical applications in natural water samples

In the composition of complex real natural water samples, there may be challenging
components and characteristics, such as, pH, dissolved solids and natural organic
compounds. To further test the applicability of the sensor, the MIPs films were used for
the determination of PG concentrations in two types of real waters: natural water samples
obtained from creeks near Columbia, MO (Glendale Rd & Maupin Rd) and tap water from
the laboratory at the University of Missouri. The collected samples were spiked with PG
and its concentration measured by the newly fabricated sensor and compared to Liquid
Chromatography Triple Quadrupole Mass Spectrometry (LCMS/MS), which were
considered the true concentration values. The corresponding analysis results are listed in
Table 4.1. Both the natural water and tap water had a neutral pH. The IS of the tap water

was much higher than the natural water samples, and it was expected to have some effects
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on the sensor performance. The TOC level of the natural water was higher than tap water
due to the existence of dissolved NOM.

The readings by the MIP sensor in tap water were closer to the true values than in natural
water samples. The matrix complexity results in a higher chance of block the cavities or
the surfaces of sensor films. Still, the values in both tap and wetlands were reasonably close
to the LCMSMS measured PG concentrations. The sensor underestimated the PG
concentration in the high PG level natural water samples: the TOC content in in natural
water and possible contributions of other unknown pollutants and particulate matter that
can cause interference with the sensor performance may have affected the measurements,
while tap water constitutes a much simpler and well-known matrix. IS did not show results
in negative effects in the measurements, as demonstrated by the good readings obtained for
the tap water samples. The MIPs results revealed satisfactory recognition ability towards

the analyte, and a promising performance in challenging, unknown natural water samples.

Table 4. 1 Measuring of PG in real water samples and their physicochemical characteristics.

Sensor measured IS ToC
Error
Sample PG _ Stdev y LC-MS/MS measured PG
concentration (%) concentration (ugL™) pH | (mMM) | (ppm)
(ngl?)
Glendale 17.75 056 | 274 13.9
Rd 7.45 | 2.3184 | 4.287
8.2 0.42 5.6 8.6
Maupin Rd 20.1 035 | 17.1 24.2
7.13 | 1.016 | 2.212
8.05 021 | 233 10.5
Tap 194 078 | 17.1 23.0 7.2 13.8 | N/D
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4.5. Conclusions

Molecularly imprinted polymeric films were fabricated with highly ordered 3D-structures
that conferred them photonic properties. Analysis of the manufacturing parameters showed
that a temperature of 70°C for the colloidal crystal fabrication, 36 hrs. etching time and a
1:9 (v/v) Acetic Acid: Ethanol ratio for 3 hrs. yielded the best results. High quality colloidal
crystals were obtained in a custom-made equipment, and the following steps in the
fabrication process are capable of automatization through a similar approach. This would
not only result in higher throughput in manufacturing but also significant reduction in
waste, minimizing chemical consumption and waste production, addressing one of the
main drawbacks of MIP technology. However, variability still remained high, as evidenced
by the error bars in the calibration curves, and more research is needed to improve the
polymerization and target removal steps of the manufacturing process. The sensors
demonstrated high response after exposures to concentrations down to 1 ug L™ and 12 min
equilibrium time, with LOD 0.5 pgL™. Significant improvement in the response was
observed by the incubation in standard aqueous solutions with a background 150 mM
NaCl, with much less variability in sensor response and slightly higher wavelength shifts
at each concentration tested. Moreover, the developed sensor was successfully applied to
detect progesterone in the presence of complex matrices, in both natural water and tap
water samples, with errors between 1-27%, which suggest the use of the sensor to quantify
PG at low concentrations or as a screening tool for the presence of PG in natural water.
Furthermore, higher affinity for PG in the presence of other steroid hormones (structural

analogues),was illustrated the good recognition of the MIPs, that proved via the computed
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surface electrostatic potentials and the ability to form bonds with the polymer functional
groups. Appreciable advantage exhibited with higher specificity of MIPs films over NIPs
films toward PG hormone with other structurally related analogues.This work has shown
the potential for photonic MIPs in environmental applications. The use of the sensor is
straightforward and fast, while it is capable to differentiate hormones with similar
structures to PG. Moreover, the sensor can find uses in biomedical applications, as for
example blood analysis, where several hormones are expected to be present in the sample.
However, hormone concentrations can vary widely and expected levels of each hormone
concentration at any given time for one individual are rarely similar, which will impact
possible interference effect. In those cases, background information about the sample, such
as individual gender, age, medical conditions, should be part of the interpretation of the

SENSOr response.
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Chapter 5: Progesterone Detection and Quantification in Dairy
Cows using Molecularly Imprinted Photonic Sensors

5.1. Introduction

Progesterone has a substantial role in the reproductive health, such as regulating the estrous
cycle time-length, maintaining pregnancy (Ab et al., 2017). In veterinary medicine,
progesterone measurements have helped to improve fertility, used to assess the
reproductive status of the cow and to diagnose pregnancy (Blavy et al., 2016). The
progesterone and the estrous cycle are the cornerstone of dairy cattle reproduction.
Progesterone (PG) is the key sex hormone responsible on reproductive events associated
with establishment and pregnancy maintenance through its effect on the uterine
endometrium, where lower fertility rates are related to reduced PG concentrations during
growth of the ovulatory, and thus lower pregnancy rates in cattle (Lonergan & Sanchez,
2020).

Progesterone occurs naturally during the cows estrous cycle. After ovulation, at the
beginning of the cycle, follicular cells will luteinize and become a functional corpus
luteum. This corpus luteum secretes progesterone until about day 16 of the cycle. If
pregnancy did not occur the corpus luteum will regress between day 16-20 of the cycle and
the cow will come back in heat and ovulate to start the cycle all over again. If pregnancy
occurs, the corpus luteum will be retained and will continue to secrete progesterone
throughout pregnancy.(Senger, 1997).

Many of studies have investigated different methods to monitor PG in cows in different

media such as milk (Samsonova et al., 2018) (Blavy et al., 2016),blood (Lasheen et al.,
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2018), urine (Volkery et al., 2012), and saliva (Ab et al., 2017) . The efficacy of
biotechnologies for synchronization of estrus in cattle is fundamentally dependent on the
PG quantitation in biologic fluids. This analysis is largely been performed via the
radioimmunoassay (RIA), which, and despite the risk accompanied with handling
radioactive materials, is relatively simple, rapid, sensitive, and easy. However, number of
studies have reported that RIA lacks specificity for steroids with several interferences and
severe matrix effects. In addition, at low concentration of steroids, the used antibodies in
the RIA can cross-react during the recognition in complex biological fluids (Fernandes et
al., 2011; Stanczyk et al., 2007). Other studies proposed using a biosensor as an
immunosensor (Gillis et al., 2006; Koelsch et al., 1994), that use a specific antibody—
antigen interaction as its recognition element. These techniques are typically fast and
sensitive, but their main problem is the high cost. Other analytical techniques such as liquid
chromatography coupled with mass spectrometry (LC—MS/MS)(Fernandes et al., 2011),
high-performance liquid chromatography (HPLC) (Sudeshna et al., 2013) and gas
chromatography—mass spectrometry (GC-MS) (Janssens et al., 2016) have been applied to
PG detection. The limit of detection of progesterone using a GC-MS approach in single-
ion mode is 5 pg/l, and the for LC-MS is 0.4-20 ug/l (Diaz-Cruz et al., 2003). Although,
these techniques are perfectly suitable for detection low levels of PG regarding the high
accuracy and specificity, they are too expensive for routine analysis, and require time-
consuming and complicated sample pretreatment (Posthuma-Trumpie et al., 2009).
Although different biofluids can be used for PG analysis, we focus in this work on plasma
and whole blood samples. Milk, urine and saliva don’t have the exact circulation

measurements of PG hormone; plus, less interference can be observed with other
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analogues, as opposed to blood. In blood, the prevailing profile of progesterone is 98%
bound to plasma proteins (Bolaji, 1994). In saliva, only the 2% fraction of free progesterone
is available, whereas in milk, the progesterone is concentrated in the fat fraction(Roelofs
et al., 2006). For the above-mentioned aspects, it is extremely desirable to develop a
method that enables for easier, cost saving, and faster detection of progesterone in blood.
MIPs sensors can provide reliable results, are low cost, fast, do not require a second
analytical step, and therefore are more practical in environmental and medical fields, such
as sensing different application hormones (Kadhem et al., 2021).

The proposed photonic sensors are inverse opals with three-dimensional structures
elaborated from the self -assembly of photonic colloidal crystals(opals) templates, using a
nano-spheres with a dielectric properties (Waterhouse & Waterland, 2007). Photonic
crystals (PhCs) sensing technique is based on adjusting the structural color in a specific
environment via different design of its chemical components (Fan et al., 2021).

The main objective of this work is to investigate the adequacy of the molecular imprinted
sensor in the analysis of progesterone hormone level in cow’s blood, since this detection
technique has the potential to afford fast, cheap and useful results. The experimental work
is aimed towards a better understanding of recognition ability of molecular imprinted
photonic sensors toward PG target, testing the sensor in plasma and whole blood samples
of different animals and evaluating the binding affinity of MIPs with interference existence
of other steroid hormones (structural analogues). The outcome of this project will
contribute to the optimization of the animal production operation, monitoring the

reproductive PG hormone levels of the herd with photonic MIPs sensors.
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In this chapter the sensors described in Chapter 5 were used in a biomedical application
such as the blood analysis to detect the concentration of progesterone in dairy cattle. Cow
blood samples were collected and tested by the sensors and validating methods. The results
were compared to show the accuracy of our results and the applicability of the sensors to

this particular problem.

5.2. Methods and Materials

5.2.1. Materials

Ethanol (99.5%, 200 proof), acrylic acid (AA) (99%), ethylene glycol
dimethacrylate (EGDMA) (98%), 2,2'-azobisisobutyronitrile (AIBN) (98%), methanol
(99%) and HPLC- grade progesterone standard were purchased from Sigma-Aldrich (St.
Louis, MO, USA). Progesterone (98%) was purchased from Cayman Chemical (Ann
Arbor, MI, USA). Sodium acetate (NaAc), hydrofluoric acid (HF) (49%) and acetic acid
(96%) were supplied by Fisher (Fair Lawn, NJ, USA). All chemicals were reagent grade
and used as received without further purification. Ultra-pure water (18.2 MQ.cm at 25 °C)
was obtained from a Thermo Scientific™ Barnstead™ E-Pure™ Ultrapure Water

Purification System (Waltham, MA, USA).

Monodispersed silica particles with a diameter of 300 nm were obtained from
Pinfire - Gems & Colloids (Frankfurt, Germany). A poly (methyl meth-acrylate) PMMA
Plexiglass plastic slides and glass microscope slides, both with dimensions (1 X 13 X 76)
mm, were purchased from ePlastics (San Diego, CA, USA) and Fisher Scientific

(Pittsburgh, PA, USA), respectively.
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5.2.2. Synthesis of Molecularly Imprinted Photonic Hydrogel

The MIP fabrication process involves the following steps: the deposition of silica
nanoparticles to form colloidal crystals; addition of PMMA support slides on top of
colloidal crystals; infiltration of the crystal structure by the pre-polymerization solution;
UV polymerization; silica particle removal by immersion in HF; and elution of the target

with a suitable solvent. The steps are described in more detail in the following paragraphs.

In order to obtain a stable suspension to be used in the colloidal crystal fabrication, 4 g
of SiOz particles were suspended in 150 ml of ethanol, mixed and stirred at 300 rpm at
approximately 24 h. The colloidal crystals were created by dipping a batch of 4 clean
microscope glass slides with dimensions 1x13x76 mm vertically into different container
vials that was explained before in previous part, containing variable volume fraction
suspension of SiO> particles in ethanol; the controlled velocity motor was used to remove
the slides from the suspension. The photonic crystal templates were fabricated under
controlled temperature 70 °C with a deviation of +0.1 degree, and the relative humidity
was measured accordingly. The slides were moved upwards from the suspension with a
specified motor velocity 0.139 mm/min, for approximately 3-4 h, accompanied by the
volatilization of ethanol, resulting in the self-assembling of the particles forming crystals

(0.104 mm/min) on both sides of the glass slides.

The pre-polymerization solution was prepared as follows: 62.9 mg of progesterone as
the target, dissolved in 1 ml ethanol; the functional monomer AA (439 ul) was added, and
the mixture was left for 12 h at controlled temperature of 4 °C to allow the complexation
with monomer via hydrogen bonding to proceed. Then, 302 pl of the crosslinker EGDMA

were added, which corresponds to a molar ratio of target: functional monomer: crosslinker
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of 1:32:8. Finally, 12 mg of AIBN was added as initiator. PMMA plastic slides were placed
on both sides of glass slide surface with colloidal crystals nanospheres, holding them
together firmly forming a “sandwich”-type structure. The polymerization solution was
allowed to rise by capillary forces via one end of the "sandwich”-type structure until the
solution penetrated all the void volume of the colloidal crystals. The polymerization
reaction proceeded inside the colloidal crystal voids under UV light at A= 365 nm for 3 h
at room temperature. The non-imprinted polymers (NIPs) were fabricated as a control with
the same steps as MIPs except for the addition of progesterone. The colloidal crystal
template, i.e. silica particles, was eliminated by immersion in 5% HF for 36 hours, followed
by rinsing with deionized water exhaustively. In the last step, the target was eluted by
washing the inverse opal film with different ratios 1:9 (v:v) of acetic acid: ethanol
solutions, with replacement of solution every 30 min for a total of 3 h, and the final wash

was with ethanol solution only, in order to remove the acetic acid residues from the slides.

5.2.3 Blood samples preparation

Blood samples are collected from the median coccygeal vein or artery into
evacuated tubes containing K3 EDTA (Becton Dickinson Vacutainer Systems, Franklin
Lakes, NJ, USA). Samples collected in 5 specific days based on the PG hormone levels
during the estrous cycle of the cow.

All samples are centrifuged at 1200x g for 20 min at 4 -C, and plasma collected
and stored at —20 °C. Progesterone concentrations are determined by duplicate in 100 ul
aliquots of plasma using a commercially available progesterone kit (MP Biomedical, Santa
Ana, CA) following manufacturer instructions. Inter- and intraassay coefficients of

variation are 1.97% and 1.33%, respectively. Data of circulating progesterone
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concentrations are analyzed by analysis of variance (ANOVA) for repeated measures using
MIXED procedure. The models included the effects of SCR class, the day of sample
collection, the interaction between SCR class and day of sample collection, and the random
effect of heifer nested within SCR class.

The whole blood samples were treated with NaAc solution in order to release the
bound hormone from the globulin. The dissolution buffer (0.5 mol/L NaAc, pH 5.5) was
prepared by dissolving 10.25 g sodium acetate into 200 mL of DI water, stirring the
solution and mixing until completely dissolved and adjusting pH to 5.5 (£0.1) with diluted

acetic acid (Division of Laboratory Sciences | CDC, 2021).

5.2.4 Blood samples analysis with MIPs

To investigate practical application of PG sensors and evaluating the MIPs ability of
capturing the free and total PG levels in cow’s blood, 5- 6 days of the estrous cycle of three
different animals were tested. Equilibrium rebinding experiments were conducted in PG
solutions. In a typical experiment, MIPs were first immersed in DI water for 12 minutes
and then the films were incubated again for 12 min in 25 ml of each sample (whole blood,
plasma, and Na Ac treated whole blood). After equilibrium, the slides was removed. The
sensor was carefully rinsed with ultrapure water and its reflectance spectrum recorded with
a UV-spectrophotometer. From the relation between peak wavelength shift and
concentration as determined in Chapter 4, the PG concentrations were estimated. In this
work, previously obtained calibration curves obtained via incubation in PG standard
solutions with a background ionic strength of 150 mM as NaCl were used, as this condition

corresponds to typical physiological levels of ionic strength. All experiments were
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conducted in at least triplicate. The MIP measurements were compared to the commercial

PG immunoassay Kit results.

5.3 Results and Discussion

5.3.1 Free and protein-bound progesterone

Cow'’s blood and plasma samples analysis

The MIP sensors were applied to the measurement of non-bound and protein-bound PG in
blood and plasma serum. Biologically active steroids are transported in the blood by
albumin, sex hormone-binding globulin (SHBG), and corticosteroid-binding globulin
(CBG). These plasma proteins also regulate the non-protein-bound or ‘free’ fractions. A
progesterone has an affinity to bind cortisol binding globulin and albumin. To assess the
total PG, NaAc was added to release the bound fraction of PG from the globulin. A
dissociation of the analyte from binding proteins, and extraction of the analyte form the

sample matrix took place with adding the NaAc solution to the whole blood samples.

MIPs results were compared with commercial PG kit based results as shown in Fig
5.1 for cow 1. After the MIPs incubation in whole blood samples, a gradual shift to higher
wavelengths starts in day 0 and continues until day 18. For the initial day of the estrous
cycle, no peak shift was displayed in the tested MIPs in the case of the day 0 sample which
translates in a concentration of PG of 0 ppb (non-detect). The LH hormone starts to release
in day 0, which in turn induces ovulation and releases the egg, and the progesterone level
is expected to be very low. The peak wavelength shift reached 17.5+4 nm at day 5, which
corresponds to 5.3 ppb, and continued to increase up to 52.2+3.4 nm at day 10, where the

PG level reached the maximum in blood. A decreasing trend in PG concentration was
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measured until day 18, when the peak wavelength shift reached 34.2+ 3.1 nm. This shift
exceeds the range of the proposed calibration curve; an extrapolation of the fitted curve
estimates the concentration to be 47 ppb. According to Fig 5.1 a, plasma samples showed
similar scenario, the shift started with 0 nm at day 0 and continued to increase up to 56+4.5
nm at day 18, which is over the range for the calibration curve. The commercial PG kit
test results followed the same trend that detected by MIP sensor in the whole blood
samples without treatment and are assumed to be non-bound PG compounds. The
measurements revealed that the minimum concentration at day 0 with 2.7 ppb, and highest
level at day 10 with 7.7 ppb. The total PG was also examined in blood samples with adding
NaAc buffer solution. The results showed higher levels of total PG concentration than a
detected level of PG, before adding NaA reaching 60 +4.5 nm shift and over range
concentration at day 10 of the cycle (Fig. 5.1 a and b ).The shift values were elevated with
the increased percentage for days 1-18 during the estrous cycle with values

198.5,156,71.8,14.9, 11.5, and 12.5 % for cow 1 samples.

In Fig 5.2 the MIPs binding affinity to whole blood and NaAc added are investigated in
cow 2 samples. The MIPs incubation in whole blood samples, revealed a gradual shift to
higher wavelengths in the peak of the reflection spectra Amax With during the estrous cycle
up to day 14. The measured shift of PG in blood sample started at 5+ 3.9 nm and
concentration 1.2 ppb at day 0. In day 0, the LH hormone is started to release, thus the
progesterone level stated to decrease became very low, and the cycle became in follicular
phase. After day 0 the wavelength shift increased to 16+5.4 nm at day 6, with 6.7 ppb and
continued to increase up to 54+5.5 nm at day 14, where the PG level reached the maximum

in blood and the cycle starts the luteal phase with over range concentration, and after then
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started to decrease until it the minimum level at day 19, it reached to 1543.9 nm wavelength

shift and 5 ppb concentration.

In plasma samples, it can clearly be seen that the shift started with 0 nm at day 0 and
continued to increase up to 44+6.3 nm at day 14, and then started to decrease until it the
minimum level at day 19, it reached to 174+5.7 nm wavelength shift, with 5.2 ppb
concentration. The PG kit test result followed the same trend with MIPs test results for the
PG in the blood samples, with minimum concentration value at day 0, then reach maximum
at day 14 with concentration 9.8 ppb and starts again to decrease at day 19 when reaches
to 0.6 ppb. Both MIPs and commercial PG kits test results were in agreement in evaluating
the PG levels trend during the estrous cycle and the pregnancy profile of cow, however,

there was discrepancy in evaluating the exact concentrations of free PG during the cycle.

The MIPs were also incubated in blood samples with NaAc buffer solution, the results
reveled a slightly higher levels of total PG concentration than a free PG (Fig. 5.2). The
detected concentration started at 7.5 ppb at day 0 with 19+2.9 nm shift, then increased to
be over range concentrations at days 6,9, and 14 with shift reached up to until 91+5.6 nm.
There is an obvious increment in the shift wavelength from those observed in the whole
blood samples. This increase in released progesterone hormone from the globulin was
added to the PG compound in the sample and represented as the total progesterone.
Moreover, high progesterone concentration in sample boosted MIPs binding affinity. The
increase percentage in PG levels between the supposed to be non-bound and bound
compound reached 280,162.5,45.9,68.5 and 120 % for cow 2 samples after treatment with
NaAc. These results reflecting MIPs measurements are correlated to biological aspect in

previous articles, that only a small fraction of steroid hormone is the biologically active
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component and is generally considered to be circulated free or unbound to plasma proteins

hormone is (Hammond, 2016).

The binding affinity of the MIP to PG in cow 3 samples was investigated in plasma and
blood and compared to the RIA results (Fig. 5.3). After the incubation of MIP in whole
blood samples, the measured shift of PG started at 6+1.2 nm and concentration 1.3 ppb at
day 0. After day 0, the peak wavelength shift increased to 24+1.5 nm at day 6 with 11ppb
and to 46x 3 nm at day 14, where the PG level reached the maximum in blood and the
cycle starts the luteal phase with over range concentration. Then, a decreasing phase started
until the minimum level at day 19 was reached of 154+3.5 nm (shift) and 5 ppb
concentration. For plasma samples, the shift started at 0 nm for day 0 and increased up to
41£2.7 nm at day 14, following a and decrease until the minimum level in day 19 of 1343
nm peak wavelength shift and 4.5 ppb concentration. Fig 5.3 a,b reveled higher levels of
total PG concentration after the MIPs are incubation in whole blood samples pretreated
with NaAc, the detected concentration started at 10 ppb at day 0 with 2342.1 nm shift, then
increased to be over range concentrations starting at 6,9, through day 14 with shift reached
up to until 88.5+7.7 nm, and 28 ppb at day 18. The shifts for cow 3 samples for days 1-19
during the estrous cycle were slightly increased with the percentage with values
33.3,8.5,4.9,4.1, and 13.7%. The measured results are assuming that the MIPs have
captured only free compound in cow 3 samples. As only a small fraction (6-13%) of the
total progesterone in plasma is in the unbound form, and this fraction increases with the
increase in total progesterone (BATRA et al., 1976).

Overall, the overestimation of progesterone hormone levels given by the MIP sensors can

be explained by interferences of other circulating hormones that have an affinity for MIP
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film due to the similarities in chemical structure to the progesterone, that made facilitate
the binding to the progesterone-specific sensor cavities, as studied in previous chapter (ch.4
, section 4.4.5 Effect of analog compounds).

The molecules smaller than progesterone, can fit in all cavities imprinted by progesterone
in MIP sensors. One of the nominated hormone molecules that cam interfere with MIPs
performance in capturing PG target in whole blood and plasma samples is estrogen.
Estrogen concentrations in blood are expected to show fluctuations through the estrous
cycle, with significant decrease from day ‘0’ to day 10 with a significant rise on day 15
,and increase trend from day 15 to subsequent estrus day ‘00’(Naik et al., 2013). The
estrogen level (ng/ml) in cows during estrus cycle is higher than PG ,it can reach on ‘0’
day to (20.24) and decrease up to 15th days (12.36) and again gradually increase to a level
of 22.58 on day ‘00°. While PG concentration increases significantly from day ‘0’ to day
9-14, and decreases thereafter up to day 18-19, remaining low from day 20 to subsequent
estrus day ‘00’.

On the other hand, the expected available hormones during the estrous cycle are serum
steroid hormone and sex hormone-binding globulin (SHBG), and a consecutive change in
the concentration might be accompanied with PG concentration change. The actual values
are tested in (ng/ml) for testosterone, 5a-dihydrotestosterone (5a-DHT), pregnenolone,
serum estradiol-17p, and estrogen during the luteal phase, and are as follows, 0.0037,
0.0355, 0.276, 0.003381, and 0.0089 respectively. While during the Follicular phase the
concentration are 0.00446, 0.188, 0.2106, 0.0037, and 0.0089 (Vesanen et al., 1990).From

the results in the mentioned article it can be illustrated that these hormones can cause some
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interface to the MIP binding affinity toward PG compounds, although they are available in
low concentration levels in whole blood samples.

The high shift values of MIPs compared to the commercial PG kit results can be clarified
from a different perspective: first, the interferences of the other hormones which showed
that the free progesterone will be increased extremely even with a very low concentration
of hormones interferences. Second, the higher amount of total progesterone, appeared
when the sensors were incubated in NaAc samples, and this may be either detect directly

by sensor or release and transfer to free progesterone and increased the reading.
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Figure 5. 1. Progesterone levels in blood for animal 1 during the estrous cycle (a) sensor wavelength shift ,
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5.4 Conclusion

In this work, a technique based on photonic crystal and molecularly imprinted polymer was
employed for the analysis of free and total progesterone in plasma and blood samples. The
interference effect with other hormones on the MIPs binding affinity was analyzed via the
results, when compared to the RIA concentration. The results revealed that the hormones
that have a similar structure and functional group affected progesterone detection even with
a lower concentration, however, the MIPs sensors had the ability on diagnosis the
pregnancy profile of different animals, via evaluating the progesterone concentration levels
during the estrous cycle. Overall, if these limitations are overcome, the sensors can be

considered a very applicable screening tool to be used in the field.
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Chapter 6. Conclusions and Future Study

In first work, a mixing of particles of different sizes and chemical compositions have
significantly led to a variation in pore size, surface area, and pore volume. Th pore size of
different deposition didn’t change with pH values; oppositely, the particle size effect was
apparent in various mixing ratios. On account of adding some features to final ceramics a
loss in porosity was apparent in mixing particle depositions. The DLVO theory correctly

predicted the interactions between the particles at different pH values.

In another study we highlighted the influence of the optimization factors of molecularly
imprinted polymer fabrication. The colloidal crystal fabrication showed good results at all
temperatures investigated. Lower surface interaction was yield using polyethylene
container type. On the other hand, shorter polymerization reaction time allowed the control
of the formation of the radical by the initiator, furthermore, reduced the damage in the
fabricated MIPs. The wavelength shift values have revealed that time 36 hrs is the optimum
time to perform a full detach of silica NPs from the fabricated films. The solvent
composition with washing ratio (1:9), had higher removal of the analyte from the binding
sites, without causing any damage to the film. The progesterone molecules extraction from
the nanocavities and consequent shrinking of the hydrogel film had reached the maximum
limit at 3 hrs washing time, represented by a higher shift toward shorter wavelength.
Overall, the optimal conditions helped to avoid all unfavorable conditions that would

produce damaged or faulty MIPs, and therefore reduce a large number of syntheses.

MIPs were investigated by equilibrium binding, swelling ratio, kinetics experiments, and

UV- visible spectra to investigate Bragg diffraction peak shift that occurs with the
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rebinding at different progesterone concentrations in deionized water and 150 mM NaCl
solutions. The sensors demonstrated high response after exposures to concentrations down
to 1 ug L and 12 min equilibrium time, with LOD 0.5 pgL*. Significant improvement in
the response was observed by the incubation in standard aqueous solutions with a
background 150 mM NaCl. Moreover, the developed sensor was applied to detect
progesterone in the presence of complex matrices, in both natural and tap water samples,
with errors between 1-27%, which suggest the use of the sensor to quantify PG at low
concentrations or as a screening tool for the presence of PG in natural water. Furthermore,
higher affinity for PG in the presence of other steroid hormones (structural analogues),was
illustrated and proved via the computed surface electrostatic potentials and the ability to
form bonds with the polymer functional groups. This work has shown the potential for
photonic MIPs in environmental applications. The use of the sensor is straightforward and

fast, while it is capable to differentiate hormones with similar structures to PG.

Finally, MIPs were employed to investigate in the analysis of progesterone hormone, both
free and total compounds. The interference effect with other hormones on the MIPs binding
affinity was analyzed via the results, when compared to the RIA concentration. The results
revealed that the progesterone detection can be affected by the hormones that have a similar
structure and functional group even with a lower concentration, however, the MIPs sensors
had the ability on diagnosis the pregnancy profile of different animals, via evaluating the
progesterone concentration levels during the estrous cycle. Overall, if these limitations are
overcome, the sensors can be considered a very applicable screening tool to be used in the
field. More intensive and expanded research is requisite for the detection of progesterone

sensors in whole blood solutions either in human or animals. Besides, a comprehensive
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study for the natural, synthetic, and environmental chemicals for binding by progesterone

sensor taking in consideration different anticipated interferences.
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