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ABSTRACT

PREPARATION OF HEMOGLOBIN IMPRINTED
SURFACE PLASMON RESONANCE BIOSENSORS

Yeseren SAYLAN

Doctor of Philosophy, Department of Chemistry
Supervisor: Prof. Dr. Adil DENIZLI

June 2017, 101 pages

Proteins hold many pivotal structural, functional and organization features and closely
associate with the other macromolecules such as lipids and carbohydrates to generate
larger and more complex units in cellular machinery. Researchers have been focused
on discovering fundamental properties of proteins, and realized that they are also one
of the major indicators and predictors in disease stages, as well as recent studies
pointed out that their structure, concentration, and even, orientation are crucial for
facilitating cellular machinery. Due to their multiple roles in cell functionality and
structure, one of the most attractive arena to investigate the significance of proteins is
to detect small biological units for diagnosing diseases. For instance, hemoglobin --an
iron carrying protein in red blood cells-- transports oxygen and carbon dioxide around
the human body and also maintains the acid-base balance in the blood. In clinical
practice, hemoglobin concentrations are closely correlated with several diseases and

health status, including thalassemia, anemia, leukemia, heart disease, and excessive



loss of blood. Sensitive and accurate detection platforms will have potentially create
new avenues to monitor the concentrations of such vital protein marker, hemoglobin, in

the early detection and highly reliable prediction of disease.

Surface plasmon resonance technology has been considerably utilized to detect protein
biomarkers, eukaryotic cells, bacteria, and viruses for diagnosis purposes. This sensing
platform provides excellent optical modality to measure the changes in refractive index
at the close vicinity of the metal surface. Compared with other sensitive biosensing
modalities, the surface plasmon resonance biosensors holds multiple advantageous,
including real-time and label-free analysis, high dual sensing modality (surface and bulk
sensitivity), short assay time, independent of small changes in temperature and surface
oscillations, low-cost assay, and multiplexing. Besides these prominent features, the
surface plasmon resonance technology cannot only potentially be integrated with
different surface sensitive tools, and it also enables versatile surface modifications that

can easily be tailored to multiplexed detection.

Molecular imprinting method, one of a fascinating surface modification techniques,
utilizes molecules as templates to create cavities for recognition of targets in the
polymeric matrix. This method provides a broad range of versatility to imprint targets
with different molecular size, three dimensional structure, and physicochemical
properties. In contrast to the complex and time-consuming laboratory surface
modification methods, this method offers a rapid, sensitive, inexpensive, easy-to-use,
and selective approach for the diagnosis, screening and monitoring disorders. Owing
to high selectivity, physical and chemical robustness, high stability, low-cost and
reusability of this method, molecularly imprinted polymers have become very attractive
and been applied in many fields, especially biosensors, diagnosis, and environmental

monitoring.

In this study, a molecularly imprinted surface plasmon resonance biosensor was
designed to detect hemoglobin as a model protein marker. First,

hemoglobin:acrylamide pre-complex was prepared with template and monomer
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mixture, and the cross-linker (methylenebis acrylamide) was applied to the pre-complex
mixture to form a final mixture for polymerization. Followed by addition an initiator and
activator (ammonium persulfate and tetramethyl ethylenediamine) pair to the final
mixture, the monomer mixture was then used to decorate to the surface plasmon
resonance biosensor surfaces. By employing spin coating technique, the monomer
solution was uniformly distributed on the surface plasmon resonance biosensor
surfaces. The polymerization was carried out under by photo-polymerization method.
At the end of the polymerization, the unreacted monomers and impurities were removed
and dried at room temperature. The hemoglobin imprinted surface plasmon resonance
biosensor was characterized by Fourier transform infrared spectroscopy-attenuated
total reflectance, atomic force microscope, an ellipsometer, and contact angle
measurements. The hemoglobin imprinted surface plasmon resonance biosensor was
tested for real-time detection of hemoglobin from hemoglobin solutions that have
different hemoglobin concentrations. The selectivity and reusability performance of the

hemoglobin imprinted surface plasmon resonance biosensor was also investigated.

In addition, the microfluidic-integrated surface plasmon resonance biosensors were
also prepared for real-time hemoglobin detection by using different layers that are
polymethyl methacrylate, double sided adhesive and gold coating substrate. After the
different modification steps, the microfluidic-integrated surface plasmon resonance
biosensors interacted with different hemoglobin concentration solutions. Finally, the
equilibrium and adsorption isotherm models of interactions between hemoglobin

solutions and two different surface plasmon resonance biosensors were determined.

Keywords: Biosensor, hemoglobin, molecular imprinting, surface plasmon resonance.
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OZET

HEMOGLOBIN BASKILANMIS YUZEY PLAZMON REZONANS
BiYOSENSORLERIN HAZIRLANMASI

Yeseren SAYLAN

Doktora, Kimya Bélumu
Tez Danismani: Prof. Dr. Adil DENIZLI

Haziran 2017, 101 sayfa

Proteinler yapisal, igslevsel ve organizasyon olmak Uzere bircok temel Ozelliklere
sahiptirler ve hiicresel makinelerde daha buyik ve daha karmasik birimler olusturmak
icin lipidler ve karbonhidratlar gibi diger makromolekullerle yakindan iligkilidirler.
Arastirmacilar, proteinlerin temel o6zelliklerini kesfetme Uzerine yogunlasmis ve
hastaliklarin farkli asamalarinda ©6nemli Dbelirteglerden biri olduklarini farkina
varmisglardir. Son zamanlarda yapilan ¢alismalarla yapilarinin, derisimlerinin ve hatta
yonelimlerinin hiicresel etkilesimleri kolaylastirmada ¢ok dnemli olduklari kesfedilmistir.
Hucrenin iglevselliginde ve yapisindaki ¢ok sayida rolinden dolayi, proteinlerin dnemini
arastiran en cekici alanlardan biri, hastaliklarin teshisi i¢in biyolojik birimleri tespit
etmektir. Ornegin, hemoglobin -kirmizi kan hiicrelerinde demir tagiyan protein- insan
viucudunda oksijen ve karbon dioksit tagir. Ayni zamanda kandaki asit-baz dengesini
de muhafaza eder. Klinik uygulamalarda, hemoglobin derigimleri, talasemi, anemi,
I6semi, kalp rahatsizligi ve asiri kan kaybi gibi ¢esitli hastaliklar ve saglik durumu ile
yakindan iligkilidir. Hassas ve dogru algilama platformlari, hastaliklarin erken teshisi ve

v



guvenilir bir sekilde 6ngorulmesinde bdylesi hayati 6nemi olan protein belirteci

hemoglobinin derigimlerini izlemek igin yeni yollar yaratacaktir.

Yuzey plazmon rezonans teknolojisi, protein belirteclerini, 6karyotik hticreleri, bakteri
ve virusleri tanisal amagli algilamak igin oldukga yaygin kullanilan bir teknolojidir. Bu
algilama platformu, metal ylzeyin yakininda meydana gelen kirilma indeksindeki
degisimleri 6lgmek igin mukemmel bir optik yontem saglar. Ylizey plazmon rezonans
biyosensorler, diger hassas algillama yontemleri ile karsilastirildiginda, sicaklik ve
yuzey salinimlarindaki kuguk degisikliklerden bagimsiz olarak, gercek zamanl ve
etiketsiz analiz, yiuksek algilama alani (ytizey ve hacim duyarhli§i), kisa analiz stresi
ve dusuk maliyetli analiz gibi bir ok avantaja sahiptir. Bu belirgin 6zelliklerin yani sira,
ylizey plazmon rezonans teknolojisi sadece potansiyel olarak farkli yuzey hassas
cihazlari ile entegre olamaz. Ayrica ¢oklu algilama igin kolayca uyarlanabilen ¢ok yonli

yuzey degisikliklerine de olanak saglar.

Mukemmel bir yuzey modifikasyon tekniklerinden biri olan molekuler baskilama
yontemi, polimerik matriksteki hedeflerin tanimlanmasi igin bosluklar olusturmak igin
molekulleri bir kalip olarak kullanir. Bu yontem, farkli ylik, G¢ boyutlu yapi ve
fizikokimyasal Ozelliklere sahip hedefleri baskilamak igin genig bir alan sunar. Bu
yontem, karmasik ve zaman alici laboratuvar yizey modifikasyon yontemlerinin aksine,
hastaliklarin teghis, tarama ve izleme igin hizli, hassas, ucuz, kullanimi kolay ve segici
bir yaklasim sunar. Yuksek secicilik, fiziksel ve kimyasal dayaniklik, yiksek kararlilk,
dusuk maliyet ve tekrar kullanilabilirlikgibi 6zellikleri sayesinde, molekuler baskilanmig
polimerler ¢ok cazip hale gelmistir ve birgok alanda, Ozellikle biyosensorlerde,

teshislerde ve gevresel izlemelerde uygulanir.

Bu calismada, hemoglobini tayini icin molekiler baskilanmis ylzey plazmon rezonans
biyosensérii  tasarlanmigtir. ik olarak, hemoglobin:akrilamid 6n-kompleksi kalip
molekull ve monomer karigimi ile hazirlanmig ve daha sonra metilenbis akrilamid ¢apraz
bagdlayicisi, 6n-kompleks karisimina polimerizasyon igin bir nihai karigsim olusturmak
tzere eklenmigtir. Ek olarak, nihai karisima bir baglatici ve aktiflestirici ¢ifti (amonyum



persulfat ve tetrametil etilendiamin) de eklenerek yilizey plazmon rezonans biyosensor
ylzeylerini kaplamak icin kullanilmigtir. Monomer c¢ézeltisi, déndirmeli kaplama teknigi
ile yuzey plazmon rezonans biyosensotr yizeylerine homojen olarak dagitiimistir.
Polimerizasyon, foto-polimerizasyon yontemiyle gerceklestiriimistir. Polimerizasyonun
sonunda, reaksiyona girmemis monomerler ve safsizliklar uzaklastiriimis ve
biyosensor oda sicakliginda kurutulmustur. Hemoglobin baskilanmis ylzey plazmon
rezonans biyosensoru, ilk olarak Fourier donusumli infrared spektroskopi-zayiflatiimig
toplam yansima, atomik kuvvet mikroskobu, elipsometre ve temas acisi dlgimleri ile
karakterize edilmistir. Daha sonra, hemoglobin baskilanmis ylzey plazmon rezonans
biyosensoru, farklh hemoglobin derisimlerine sahip hemoglobin ¢ozeltilerinden gercek
zamanl hemoglobin tayini igin analizler yapilmigtir. Hemoglobin baskilanmis yizey
plazmon rezonans biyosensorunun segicilik ve tekrar kullanilabilirlik performansi da

arastiriimistir.

Buna ek olarak, mikroakigkan entegreli ylzey plazmon rezonans biyosensoarleri, poli
metil metakrilat, ¢ift tarafli yapigkan ve altin kapli yizey gibi farkl tabakalar kullanilarak
gercek zamanlh hemoglobin tespiti icin hazirlanmistir. Farkli  modifikasyon
basamaklarindan sonra mikroakiskan entegreli ylizey plazmon rezonans biyosensorleri
farkli hemoglobin derisimdeki ¢ozeltilerle etkilestirilerek kinetik analizleri yapiimigtir.
Son olarak, hemoglobin ¢ozeltilerle ile iki farkh ylzey plazmon rezonans biyosensdrleri

arasindaki etkilesimin denge ve adsorpsiyon izoterm modelleri belirlenmistir.

Anahtar Kelimeler: Biyosensor, hemoglobin, molekiler baskilama, yluzey plazmon

rezonans.
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1. INTRODUCTION

Proteins are one of the essential molecules in living organisms that denote multiple
functional and structural features in cellular machinery. From a biological perspective,
any abnormality in protein structure and function can potentially cause to deficiencies
in cells, leading to diseases. Therefore, researches around evaluating these
parameters are still essential to understand most diseases [1]. In particular, protein
recognition and detection studies have presented new horizons for researchers to
differentiate health and disease-status. Recent efforts significantly impact on the
development of selective and reliable bio-analytical modalities and tools in protein
research realm. Such an example, hemoglobin (Hb), a tetrameric protein in the red
blood cells, formed with two dimer subunits with an iron-carrying oxygen transport
protein. Any structural changes in these 4 subunits of Hb lead to serious disorders,
mostly genetic diseases, including hemoglobinopathies, thalassaemia and sickle cell
anemia [2]. Due to its high frequency in unusual genetic status, hemoglobin-based
diseases are uncommon among genetic conditions, the survey results are convenient
for most parts of the world and frequency determines can be made for several

nationalities [3].

There are several clinical and analytical tool that are currently utilized to recognize
proteins. However, considerable limitations including high-cost, assay time, need for
skilled personnel, and poor stability is major bottlenecks to develop an effective method
possessing favorable specificity in this field [4]. Among both current commercially
available and laboratory-based analytical methods, molecular imprinting method has
been ably applied to distinguish and recognize proteins [5]. Briefly, molecular imprinting
offers a promising method to construct three-dimensional signature of proteins via
molecularly imprinted polymers (MIPs), which form recognition cavities completing to
the shape, conformation, and size of the template molecule [6]. The procedure consists
of subsequent crosslinking of the monomers and template molecules to produce a
polymeric material, which is also complementary for target molecules [7]. In oppose to

biological molecules MIPs offer notable advantages, such as reusability, stability in high



pressure and temperature, ease-of-preparation, versatility, inexpensive production, and
high sensitivity capability to the target protein. Therefore, they have been utilized in
multiple operations such as chromatography [8], biosensing [9], bioseparation [10],
drug delivery [11], and environmental safety studies [12]. On the other hand, biosensors
utilize biological moieties to selectively detect one compound in heterogeneous
conditions. They can be sorted by their type of bio-receptor or transducer. For instance,
a bio-receptor can be a biological moiety such as an antibody, enzyme, protein, and
nucleic acid or a whole living organism/network such as cells, tissue, or whole organism
to monitor biochemical reaction/recognition. Particularly, recent literature has clearly
demonstrated the impact of surface plasmon resonance (SPR)-based platforms on the
biotargets detection [13]. This modality simply examines binding properties by
recording the change of refractive index at the close vicinity of a layer (e.g., gold and
silver). To produce surface plasmons, the modality requires a coupling element such
as a prism or fiber optic cable, and convert changes in dip-angle of reflection into a real-
time binding data [14]. This provides highly sensitive and also rapid detection of
biotargets when compared to the other existing detection strategies such as ELISA,
which require time-consuming washes and day-long incubations. In addition, the
detection does not require any labeling, thus significantly reducing the assay cost,
procedure steps, complexity, and laboring. As demonstrated in the literature, SPR is
able to directly detect a variety of biological targets, including proteins, lipids, nucleic
acids, and carbohydrates. Although there are multiple encouraging features of SPR in
clinical testing, the device size and chip cost in commercialized SPR tools are still

hindering their utilization in medical diagnosis at daily basis.

Microfluidics is an emerging technology, which manipulates and analyzes minute
volumes of fluid. Recent efforts successfully demonstrate the integration of this
technology with biological and medical sciences [15]. Particularly, the integration of
microfluidics with  SPR biosensors have a significant impact on the development of
reliable, accurate, and easy-to-use platforms for medical diagnostics by reducing
sample volume and increasing interactions of target molecules with the sensor surface.

Among these detection parameters, microfluidics also enables to miniaturize such



surface sensitive platforms to a hand-held size, thus leveraging their applicability at the

bed-side, point-of-care, and primary clinics.



2. GENERAL INFORMATION

2.1. Hemoglobin

Proteins hold much crucial structural, and functional properties and intimately associate
with the other macromolecules such as lipids and carbohydrates to produce larger and
more complex units. Scientists have been focused on discovering fundamental and
important properties of proteins, and recognized that they are also one of the major
indicators and markers in most disease, as well as recent studies showed that their
size, structure, concentration, and even, orientation are essential for facilitating cellular
machinery. Due to their multiple and necessary roles in cell functionality and structure,
one of the most attractive area to investigate the significance of proteins is to detect

biological molecules for clinical studies [16].

For instance, hemoglobin (Hb) is the primary protein of a life for a diversity of activities.
It has crucial functions in the transportation of oxygen and carbon dioxide and the
maintenance of the balance of pH in the red blood cells. Sensitive and accurate
detection platforms will have potentially create new avenues to monitor the
concentrations of such vital protein marker, hemoglobin, in the early detection and
highly reliable prediction of disease [17]. Because especially in clinical practice,
hemoglobin concentrations are closely correlated with several diseases and health
status and the abnormality of the hemoglobin levels can result in various kinds of
genetic diseases, including thalassemia, leukemia, sickle cell anemia, heart disease,

and excessive loss of blood [18].

2.1.1. The Functional Class of Hemoglobin

Hemoglobin is heme-carrying and oxygen transport protein in the red blood. It may be
found in various types. Their existance can be like monomers, dimmers, or tetramers.
The chains of polypeptide, which consist of identical globin domains, are also existed
in hemoglobin molecule. The hemoglobin oligomerization is an essential movement in

evolution, which is essential for efficient oxygen transport [19].



2.1.2. Biological Function of Hemoglobin

The red blood cells are continuously manufactured in the red bone marrow of the skull,
the ribs, the vertebrae, and the ends of the long bones. There are 4-6 million red blood
cells per mm?3 of whole blood in normal status. They are biconcave harrows. Their
shape cause the increment their flexibility for movement in the capillary and their
surface area for the gas diffusion. Figure 2.1 shows that the movement of red blood
cells through the capillary and each red blood cell is a biconcave disk that include
several hemoglobin molecules. Hemoglobin contains 4 polypeptide chains that are
shown as blue. There is a heme group that contain iron in the middle of each chain.
When the hemoglobin molecule is oxygenated, oxygen get together with iron. The color
of oxyhemoglobin is bright red, and deoxyhemoglobin is a dark maroon. The iron part
of hemoglobin obtains oxygen in the lungs and gives it up to the tissues. The whole
blood carries 20 mL of oxygen per 100 mL of blood. This exhibits that hemoglobin

increases the oxygen-carrying capacity of blood more than 60 times [20].

heme
iron group

capillary

helical shape
of the
polypeptide
molecule

a. Blood capillary b. Red blood cell c. Hemoglobin molecule

Figure 2.1. The physiology of red blood cells [20].

2.1.3. Amino Acid Sequence of Hemoglobin

Hemoglobin generates by a number of craniate species that are sequenced. It is
supplied significant perceptions into the proteins evolution [21]. The first cDNA to be

cloned and sequenced as human alpha (a) and beta (B) chains [22]. Hemoglobin is



post-translationally modified in some species. The most common modification is the

acetylation of the N-terminus. Human blood involves minor glycosylated components.

2.1.4. Molecular Characterization of Hemoglobin

Hemoglobin is generally produced by the vertebrate blood. The fresh blood is instantly
incorporate with citrate or heparin in order for coagulation prevention. The red and white
blood cells can be collected from plasma by centrifugation. The cell debris can be taken
out via centrifugation. Higher hemoglobin level (98%) is observed in the hemolysate

status and no further decontamination is needed [23].

2.1.5. Variants and Disorders of Hemoglobin

As mentioned before, the hemoglobin molecule consists of the 4 globin chains that are
fetal hemoglobin (Hb F) has 2a and 2 gamma (y) and adult hemoglobin (Hb A) has 2a
and 23 chains. Due to self-generated mutation, hemoglobin gene variants are present
at low prevalence [24]. The most hemoglobin gene variants are uncommon and the
others are benign, but some are common because carriers are less likely than the
others to die from malaria. The most common variant, a plus thalassaemia, is generally
benign. However, people who come into the combinations of hemoglobins S, C, E, D,

B thalassaemia, or a zero thalassaemia may have a serious hemoglobin disorder [25].



Table 2.1. The pre-valences of carriers of hemoglobin gene variants [25].

WHO Demography % of the population Affected conceptions Affected
region 2003 carrying (per 1000) births
- - - (% of under-5
Population Crude Annual Under-5 Sig- at Any Sickle-  Thalas-  Total mortality)
(millions)  birth  births mortality nificant thalas- variant® cell saemias®
rate  (1000s) rate variant’ saemia® disorders"

African 586 39.0 22895 168 18.2 4.2 44.4 10.68 0.07 10.74 6.4
American 853 195 16609 27 3.0 48 785 0.49 0.06 0.54 2.0
Eastern 573 293 16798 108 44 19.0 21.7 0.84 0.70 1.54 1.4
Mediterra-
nean
European 879 11.9 10459 25 1.1 23 B 0.07 0.13 0.20 0.8
South-east 1564 244 38139 83 6.6 446 45.5 0.68 0.66 1.34 1.6
Asian
Western 1761 136 23914 38 02 10.3 13.2 0.00 0.76 0.76 2.0
Pacific
World 6217 20.7 128814 81 5.2 20.7 24.0 2.28 0.46 2.73 34

Hemoglobin diseases show an important health issue in 71% of 229 countries, and this
71% of countries comprise 89% of births all over the world (Table 2.1). More than 330
thousands effected babies are born yearly. According to the statistics, the pregnant
women carry b or zero thalassemias, or hemoglobin S, C, D or E, around 7% and more
than 1% of couples are at risk. Detection of hemoglobin diseases should be formed the

part of main health services in the countries [25].

2.2. Molecular Imprinting Method

The selective biomolecules detection acts a significant function in several basic
procedures in many systems [26]. However, natural recognition elements have high
biological interest to their targets, they do cannot require the practical application
because of the sensitive properties such as low durability at high pressure, temperature
and organic solvents, and also low stability in different pH. Recently, one of the super-
molecular chemistry type, molecular imprinting method, has been proposed to defeat

the most of the disadvantages [27].

Molecular imprinting method was first reported by Wulff and Sarhan in the early 1970s

[28]. After then, many of the scientists from all over the world observed the prospering



of this method. This method principally relies on the molecular identification reaction

that occurs at the surrounding of the target molecule called as a template [29].

Molecularly imprinted polymers (MIPs) can be produced by the different kinds of cross-
linkers, functional monomers and solvents combinations [30-32]. The quality and
feature of the MIPs can be changed the combination of the monomer mixture, the
experimental circumstances, the interaction mechanisms, and so on [33-36]. MIPs
have multiple improvements including easy preparation, cost-friendly, high stability,
affinity and selectivity toward template molecule. Furthermore, MIPs can be used in
variable areas, such as biosensors, enzyme mimics, and solid phase extraction [37,
38]. The advantages of molecularly imprinted polymers compared to natural
biomolecules are exhibited in Table 2.2.

Table 2.2. The comparison of natural biomolecules and molecularly imprinted polymers
[38].

Natural Biomolecules Molecularly Imprinted Polymers
e Not stable ¢ High stability at harsh conditions
e Expensive e Cost-friendly

e Poor performance in organic solvents | e High performance in organic solvents
¢ Needed more operational systems ¢ Needed minimum systems
e Working limited analytes e Working any analytes

e Low compatible with other technology | e High compatible with other technology

2.2.1. Types of Molecular Imprinting Methods

Molecularly imprinted polymers can be synthesized via mixing the functional monomers
and template molecule in the presence of suitable cross-linkers. The fitted cavities that
have size, shape, chemical and physical functionality are obtained when the template
removed from the polymeric matrix. The selectivity of a MIP results from the presence
of specific cavities designed for the target analytes. It is possible to prepare MIPs by



using covalent [39], non-covalent [40], semi-covalent [41] and metal-mediated

molecular imprinting methods [42].

2.2.1.1. The Covalent Imprinting Method

This method is distinguished by the combination of binding the templates and functional
monomers as covalently. Homogeneous binding sites occur in the polymeric matrix.
The benefit of this method is the functional groups are only connected with the template
molecule (Figure 2.2). In addition, the disadvantage of this method is that the limited

number of compounds can be imprinted by this method [39].
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Figure 2.2. The representation of the covalent imprinting method [39].

2.2.1.2. The Non-Covalent Imprinting Method

This method bases on the interactions between functional monomer and template
molecule while polymerization is the same as the between polymeric matrix and
template molecule at rebinding part. Because of the simplicity of the non-covalent

imprinting method is the most extensively applied [43]. As shown in Figure 2.3, the



materials show in the pre-polymerization position. Then, the template molecule has

three binding sites to interact with the functional monomer.

Figure 2.3. The representation of the non-covalent imprinting method [43].

2.2.1.3. The Semi-Covalent Imprinting Method

This method depends on the combination of the covalent and the non-covalent
methods. The template molecules bind covalently functional groups that cause the
improvement after cleavage of this molecule. More homogeneous distribution in binding
sites (Figure 2.4). The rebinding, which occurs by using non-covalent interactions, has

no kinetic limitations with the exception of diffusion [41].
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Figure 2.4. The representation of the semi-covalent imprinting method [41].

2.2.1.4. The Metal-Mediated Imprinting Method

The metal coordination employs as an alternative method that means of binding

between the template molecule and functional monomer in the fabrication of polymeric

matrix. The matrix comprises of polymerizable ligands to complex the metals which in

turn coordinates to the template molecule [42]. The representation of the metal-

mediated imprinting method is demonstrated in Figure 2.5.
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Figure 2.5. The representation of the metal-mediated imprinting method [42].

2.2.2. Synthesis Materials of Molecular Imprinting Polymers

The template molecules, functional monomers, cross-linkers and initiators are
necessary for the polymerization. During the polymerization, the template molecule
binds to the functional monomer to produce a pre-complex. The pre-complex is
copolymerized in a presence of cross-linker that prepares a polymeric matrix around
the monomer—template complex. After the template molecule removal, a template-

specific recognition cavity is formed in the polymeric matrix (Figure 2.6).
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Figure 2.6. The schematic representation of the materials of the molecular imprinting
method [44].

2.2.2.1. Templates

The templates have the most importance materials in all molecular imprinting
processes. The procedure includes crosslinking functional monomers around the
selected template. After the polymerization, the template is removed from the polymeric
matrix. The final product has template binding sites and is ready to rebind template

molecule over and over [45].

2.2.2.2. Functional monomers

The functional monomers are one of the main reasons for the specific recognition of
the template in the binding site. Thus, it is a crucial step to prepare the combination of
the template and functional monomer. It is also significant to figure out the optimum
ratios of the monomers otherwise it only increase the complexity of the chemical
environment and may results disruptions [46]. The most common functional monomers

are shown in Figure 2.7.
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Figure 2.7. The chemical structures of common functional monomers [45].

2.2.2.3. Cross-linkers

The cross-linkers make the polymer chain bind to another. They act critical functions to
determine the features of polymers. The high percentages of cross-linkers are needed
to obtain the structural integrity of the imprinted binding sites. The main function of the
cross-linker is to produce a rigid polymeric matrix and also comprise recognition groups

[47]. The most common cross-linkers are shown in Figure 2.8.
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Figure 2.8. The chemical structures of common cross-linkers [45].

2.2.2.4. Initiators

The initiators are chemical species which effects the monomer to produce an
intermediate compound that able to link with a large number of other monomers into a
polymeric matrix. Initiators should be selected according to the polymerization type and
template molecule. The template may photo-chemically or thermally unstable then
triggering methods and initiators have to be selected according to template stability

[48]. The most common initiators are represented in Figure 2.9.
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Figure 2.9. The chemical structures of common initiators [48].

2.2.2.5. Solvents/Porogens

According to the type of solvent polymer chains may become more expanded or the
chains stay close to each other. These effects cause collapsing the polymer chains to
form a hard sphere, or swelling in order to maximize the number of polymer-fluid
contacts. The critical function is that the solvent attends as a porogen maker that
checks the morphology and porosity of the polymeric matrix. Because of porogens a

macroporous polymer structure may have enormous surface areas [49].

2.2.3. Polymerization Types of Molecularly Imprinted Polymers

The polymerization can be carried out homogeneous or heterogeneous medium. This
classification is generally depended on the initial reaction mixture. Some homogeneous
polymerization systems may change heterogeneous while polymerization continues
because of the insolubility of the polymer. The comparison of the different
polymerization types of molecular imprinting method is demonstrated in Table 2.3.
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Table 2.3. The comparison of the different polymerization types [50].

Precipitation

In-situ

Surface

outstanding particle for
HPLC.

¢ Imprinted microspheres;
uniform size and high
yields.

¢ Single-step preparation;
cost-friendly, well
porosity.

e Mono-disperse product;
thin imprinted layers.

Polymerization Advantages Disadvantages
Type
Bulk ¢ Simple and universal; no Over-long procedures;
need a particular ability or irregularity of size and
sophisticated shape; low performance.
instrumentation.

Suspension | e Spherical particles; highly Phase partitioning of a
reproducible results; large complex system; specialist
scale possible. surfactant polymers needed.

Multi-step e Mono-disperse beads of Complex process conditions;
swelling controlled diameter; the require for aqueous

emulsions.

A huge amount of template;

high dilution factor.

Wide optimization needed

for every template system.

Complicated system; time

consuming.

2.2.4. Applications of Molecularly Imprinted Polymers

The molecular imprinting can be employed in a variety of applications such as

chromatography [51], solid phase extraction [52], permeable membranes [53], drug

delivery [54], adsorbent [55], microfluidic device [56], biosensor [57] and so on.

In the literature, there are numerous publications and ongoing researches around

molecular imprinting method (Figure 2.10). During this statistics, “imprint” was selected
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as a keyword to classify the number of the publication in the MIP database. On the
other hand, “imprint” was also chosen as keywords to count the number of publications
in the Science Direct database [58, 59]. According to results, the total publication
numbers are calculated as 6955 (a) and 55417 (b) for MIP and Science Direct
databases since 2007. It can be seen that the number of publications for molecularly
imprinted polymers is increasing almost every year and changing with different
databases. The growth in molecularly imprinted polymers that use for several templates

has increased rapidly over the last ten years.
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Figure 2.10. The number of publications in MIP (a) and Science Direct (b) databases

for molecularly imprinted polymers.

In addition, Figure 2.11 displays the publication numbers for all proteins in molecular
imprinting method. The template is selected as “protein” in order to classify the number
of publications in the MIP database [58] and the keywords are selected as “imprint” with
“protein” in order to identify the publication numbers in the Science Direct database
[59]. According to results, the total publication numbers are calculated as 783 (a) and
16519 (b) for MIP and Science Direct databases since 2007. It can be also seen that
the number of publications for protein imprinted polymers is increasing almost every

year and changing with different databases.
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Figure 2.11. The number of publications in MIP (a) and Science Direct (b) databases

for protein imprinted polymers.

Figure 2.12 also displays the publication numbers for only hemoglobin in molecular
imprinting method. The template is selected as “hemoglobin” in order to classify the
publication numbers in the MIP database [58] and the keywords are selected as
“imprint” with “hemoglobin” in order to classify the number of publications in the Science
Direct database [59]. According to results, the total numbers of publication are
calculated as 96 (a) and 1274 (b) for MIP and Science Direct databases since 2007. It
can be observed that the different number of publications for hemoglobin imprinted

polymers is published for each year and changing with different databases.
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Figure 2.12. The number of publications in MIP (a) and Science Direct (b) databases

for hemoglobin imprinted polymers.
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2.3. Biosensors

A biosensor is an analytical device with three major modules: (i) a sensing bioreceptor,
(i) a transducer, and (iii) a detector with a digital output. Principally, target molecule
interacts with bioreceptor [60], and the biological sensing element selectively
recognizes a particular biological molecule through a reaction, specific adsorption, or
another process as physical/chemical. Then, the transducer translates molecular
changes (e.g., chemical or physical changes) to a quantifiable signal measured by the
digital detector module (Figure 2.13) [61-62]. The detector, termed as a transducer, can

be electrochemical, piezoelectric or optical.

Biosensors provide multiple capabilities, including exceptional performance, user-
friendly operation, rapid response, high sensitivity and specificity, portability, relatively
compact size, and real-time analysis [61]. Over the last decade, efforts in biosensor
realm have expanded rapidly, and it has already denoted a broad range of applications
in the fields of clinical analysis, environmental, food safety, and homeland security.
Nowadays, researchers aim to improve the sensitivity and specificity of the methods by
focusing on the biosensor fabrication and production quality, developing advanced
surface chemistries, increasing the affinity between the surface ligands and target
biomarkers, and using nanomaterials such as nanofilms, gold nanoparticles or quantum

dots for signal amplification studies.
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Figure 2.13. The basic set-up of components of the biosensor for its construction [61].

2.3.1. Electrochemical Biosensors

Electrochemical biosensors have been utilized for a long time to reach a wide range of
applications in various areas. These sensors represent a typical platform for the
construction of biosensors, which include semiconductors (transducers) and screen-
printed electrodes. Briefly, these biosensors monitor any alterations in dielectric
properties, dimension, shape and charge distribution while antibody—antigen complex
is formed on the electrode surface. They can be classified into three major groups: (i)
potentiometric, (ii) amperometric, and (iii) impedimetric transducers. These biosensors

21



have been employed to detect a variety of biological targets, including proteins, antigen,

deoxyribonucleic acid, antibody, and heavy metal ions [63-65].

2.3.2. Piezoelectric Biosensors

One of the most common piezoelectric biosensors is quartz crystal microbalance
biosensor, which measures any mass change (i.e., load or unload) and viscoelasticity
of materials by recording frequency and damping change of a quartz crystal resonator.
Due to high sensitivity to environmental conditions, the sensing mechanism significantly
requires an isolation equipment that minimizes/eliminates any hindrance factors such
as vibration. These biosensors have been used in a wide variety of applications,
including biotargets with low molecular weights, carbohydrates, proteins, nucleic acids,
viruses, bacteria, cells, and lipid-polymeric interfaces [66, 67].

2.3.3. Optical Biosensors

Optical biosensors focus on the measurement of a change in the optical characteristics
of the transducer surface when biotarget and recognition element form a complex.
These biosensors can be divide into two groups: (i) direct and (ii) indirect. In the direct
optical biosensors, signal generation depends on the formation of a complex on the
transducer surface. The indirect optical biosensors are mostly designed with various
labels such as fluorophores or chromophores to detect the binding events and amplify
the signal. Although indirect biosensing methods can produce higher signal levels, they
suffer from non-specific binding and high reagent cost of labelling step [68]. In the
literature and the market, there are multiple optical biosensors, including optrode-based
fibre optic biosensors, evanescent wave fibre optic biosensors, time-resolved
fluorescence, the resonant mirror optical biosensor, interferometric biosensors and
surface plasmon resonance biosensors [56]. Their detection window is so versatile and
they sense multiple types of biomolecules from physiological and biological specimens
[69-71].
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2.4. Surface Plasmon Resonance Biosensors

2.4.1. The Background of Surface Plasmon Resonance

Surface plasmon resonance (SPR), an evanescent wave-based refractive index (RI)
technique, monitors real-time biomolecular interactions. Historically, the first
observation of this phenomenon was reported by Wood in 1902 [72]. Later on, the
excitation of surface plasmons was independently presented by Kretschmann [73] and
Otto [74]. Fifteen years later, Liedberg utilized this modality as gas detection [75].
However, until the 1990s, SPR was not commercially available to detect biomolecular
interactions, and after that, the first SPR biosensing instrument was released to the
market [76, 77].

2.4.2. The Principle of Surface Plasmon Resonance

The first configurations (Kretschmann and Otto configurations) are still the most
common approaches modalities to excitation of surface plasmons (Figure 2.14). This
technique utilizes a metal film, typically gold or silver and two different media with a
different refractive index like a prism and a sample to act as an optical biosensor. The
interaction of a wave with free electrons at the metal film will induce the excitation of
surface plasmons, result in reducing in the reflected light intensity. This calls as surface
plasmon resonance (SPR) and happens only at a resonance angle. This SPR angle is
adapted by adding the analyte onto the metal film to allow the detecting of binding.
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Figure 2.14. The excitation of surface plasmons in the Otto and Kretschmann

configurations [50].

The SPR profile is affected by the choice of metal due to its inherent optical properties,
such as dielectric permittivity. Figure 2.15 compares the SPR curve, a plot of reflected
light intensity vs the incident angle for gold and silver films in the air [78]. The sharper
resonance peak of silver is obvious and can be attributed to the intrinsic dampening of
the surface plasmon oscillations on the metal film. All surface plasmon metals will tend
to dampen these oscillations due to scattering of the electric field of the excitation light.
A variety of metals will produce SPR. Metals with high free electron density such as
gold and silver are mostly utilized to produce strong surface plasmons on the surface.
Especially, gold is the preferred metal as other metals are not as practical. For example,
some are too expensive (In), violently reactive (sodium), too broad in their SPR
response (copper, aluminum), or too susceptible to oxidation (silver). Due to high
resistance to oxidation and easy-to- functionalize surfaces, the gold material holds

great potential and it is the most widely used metal material in SPR approaches [79].
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Figure 2.15. The differences between gold and silver SPR curves [78].

As shown in Figure 2.16, a typical SPR sensorgram that obtains from an experiment is
composed of multiple analyte injection cycles using the SPR biosensor (1). Injection of
analyte solution complementary to the ligand results in a population of the surface
active sites (2) leading to saturation (3) and a corresponding increase in the SPR
response. Upon completion of the injection, the bound analyte will dissociate from the
surface (4) reducing the SPR response, until an injection of a regeneration buffer
removes any remaining bound analyte (5) to regenerate the ligand-immobilized surface
(6) in preparation for the next analyte sample [80]. The major advantages and
disadvantages are demonstrated in Table 2.4.
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Table 2.4. The main advantages and disadvantages of surface plasmon resonance

system.

. The schematic representation of the SPR sensorgram [80].

Advantages

Disadvantages

¢ Label-free environment

¢ Real-time, continuous
measurements

e Generic methods for diverse
molecule sets

e Quik testing

¢ Highly sensitive

e Small sample amounts and
volumes

e Specific to binding event

e Immobilization effects

e Steric hindrance with binding
events

¢ Non-specific binding

¢ Limited mass transport

e Control experiment needed

e Misinterpretation of data
common

e Expense of biosensor chips and

instrumentation
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2.4.3. Application of Surface Plasmon Resonance

To date, SPR has been one of the most popular core technology, and it has integrated
into several research-based biosensing devices due to its rapid response ultra-
sensitivity, and lower instrumentation cost as compared to the other optical
technologies such as liquid chromatography, mass spectrometry, Raman/IR
spectroscopy, fluorescence labeling enzyme assay, and so on. These biosensing
surfaces can be decorated with different chemical approaches.

In the literature, there are numerous publications and ongoing researches around
surface plasmon resonance integrated with molecular imprinting method (Figure 2.17).
During this statistics, “surface plasmon resonance” was selected as a keyword to
classify the publication numbers in the MIP database [58]. On the other hand, “imprint”
with “surface plasmon resonance” was chosen as keywords to count the publication
numbers in the Science Direct database [59]. According to results, the total publication
numbers are calculated as 70 (a) and 1259 (b) for MIP and Science Direct databases
since 2007. It can be observed that the different publication numbers for molecular
imprinting based surface plasmon resonance are published for each year and changing

with different databases.
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Figure 2.17. The number of publications in MIP (a) and Science Direct (b) databases

for molecular imprinting based surface plasmon resonance biosensors.
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2.5. Microfluidics

Microfluidics provides the high capability to manipulate and analyze minute volumes of
fluid. This technology is an emerging approach with several applications in the different
disciplines. Modern microfluidics [101] can be followed back to the evolution of a silicon
chip-based gas chromatography at Stanford University [102] and the ink-jet printer at
International Business Machines [103] in the end of 1970s. Although these systems
were very extraordinary, the conception of the integrated microfluidic system was not
advanced until the early 1990s [104].

Microfluidic techniques have been utilized in the fields of biology, chemistry,
proteomics, genomics, biodefense, pharmaceuticals, and other related areas. From a
biological perspective, microfluidics especially mimicks the limits of volume in cellular
systems, where biological processes include small amount fluidic transport. Such an
exmple, molecular transfer occurs across cellular membranes, to oxygen diffusivity
through the lungs, to blood flow through micro-scale arterial networks. Furthermore,
microfluidics can potentially enable more realistic in vitro conditions for small-scale
biological molecules. Several biological entities and structures were here demonstrated
with common micro-fabrication forms utilized in microfluidic approach (Figure 2.18)
[14].
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Figure 2.18. The length scales for several structures [14].
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2.5.1. Microfluidic-Integrated Biosensors

Since microfluidics requires low sample volume, decreased processing time, low cost
analysis and low reagent consumption, there is a growing demand in the integration
biosensors with microfluidics. These hybrid platforms would also have multiple
advantages, such as multiplexing, minimal handling of hazardous materials, portability,
and versatility in design. Furthermore, these integrated platforms will improve the
current sensing technologies in terms of analytical capability and widen potential
applications in medical diagnostics. By further miniaturization and improvements, these

hybrid platforms have been adopted to point-of-care diagnostics [105].

In regard to cost, microfluidic chips need plastic components, which are really
inexpensive and also can be simply fabricated. An only key factor in choosing suitable
polymers for microfluidic chips is to use transparent area on spectral regions of interest
for available detectors. As a result of this criterion, acrylates such as polymethyl
methacrylate, polydimethylsiloxane, cyclic olefin copolymer, and polycarbonate are one
of the best candidates as chip base material (Figure 2.19). Further, polymethyl
methacrylate (PMMA) is the most widely-used thermoplastic polymer, and it provides a
transparent plastic like plexi-glass at its solid state. In addition, high thermal stability,
high chemical resistances, and low cost are the other encouraging factors for the use
of PMMA [106].
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Figure 2.19. The chemical structures of common thermoplastics.
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3. EXPERIMENTAL

3.1. Materials

Acrylamide (AAm, A3553, Sigma), N,N-methylenebis acrylamide (MBAAmM, M7279,
Sigma), ammonium persulfate (APS, A3678, Sigma), N,N,N’,N’-tetramethylethylene
diamine (TEMED, T9281, Sigma), bovine hemoglobin (Hb, H3760, Sigma), bovine
serum albumin (BSA, A2153, Sigma-Aldrich), lysozyme (Lyz, 62971, Fluka), transferrin
(Trf, T8158, Sigma-Aldrich), myoglobin (Myb, M0640, Sigma), 2-propene-1-thiol (Allyl
mercaptan, 06030, Sigma-Aldrich), dipotassium hydrogen phosphate (K2HPO4, 60356,
Sigma-Aldrich), potassium dihydrogen phosphate (KH2PO4, 04243, Sigma-Aldrich),
gold surfaces (GWC-1000-050, GWC Technologies, Madison, Wisconsin), 11-
mercaptoundecanoicacid (MUA, 450561, Aldrich, Sigma Aldrich), N-(3-
dimethylaminopropyl)-N’-ethyl carbodiimide hydrochloride (EDC, 03450, Fluka, Sigma
Aldrich), MES (M3671, Sigma, Sigma Aldrich), N-hydroxy succinimide (NHS, 130672,
Aldrich, Sigma Aldrich), protein G (21193, Thermo Scientific), human hemoglobin
antibody(MA5-14708, Thermo Fisher Scientific), human hemoglobin (MBS173108,
MyBioSource), poly methyl methacrylate (PMMA, McMaster Carr, Atlanta, GA), double
sided adhesive (DSA, iTapestore, Scotch Plains, NJ) were purchased for all

experiments.

3.2. Characterization of Acrylamide

Acrylamide monomer sample was placed in a Fourier transform infrared (FTIR)
spectroscopy (Thermo Fisher Scientific, Nicolet iIS10, Waltham, MA, USA) and total
light reflection was quantified in the wavenumber range 500—-4000 cm™ at 2 cm*
resolution and scanned by pellets consisting of 2.0 mg microspheres and 98.0 mg KBr

(IR grade Merck, Germany).

3.3. Modification of SPR Surfaces

The modification of the gold SPR surfaces was carried out with allyl mercaptan

(CH2CHCH2SH). 5.0 pL of allyl mercaptan was dropped and incubated overnight to
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present allyl groups onto the gold surface of SPR. After the modification, the gold SPR

surfaces were washed with alcohol and dried to be ready for imprinting steps.

3.4. Preparation of Hemoglobin:Acrylamide Pre-Complex

The hemoglobin:acrylamide pre-complex was prepared with Hb (1 pmol) and different
amounts of AAm (1, 2, 3, 4, 5 mmol) dissolved in 1.0 mL water, was stirred 30 min with
the help of magnetic stirrer. The ratio of monomer to the template was evaluated by
UV-visible spectrophotometer (Shimadzu, Model 1601, Japan). Spectrum
measurements were continued until no increment of absorbance belongs to the formed

pre-complex between hemoglobin template and AAm monomer could be seen.

3.5. Preparation of Hemoglobin Imprinted SPR Biosensor

Hemoglobin imprinted SPR biosensor was prepared by using Hb:AAm pre-complex
and MBAAm (6.0 mg) as a cross-linker. To obtain hemoglobin imprinted thin film, 10
pL APS (%10) and 10 uL TEMED (%5) as an initiator/activator pair was added to the
modified gold SPR surface was coated uniformly by spin coating (Figure 3.1 (a)). The
polymerization was carried out under UV light (100 W, 365 nm) by photo-polymerization
method for 30 min (Figure 3.1 (b)). At the end of polymerization, the unreacted
monomer and impurities were removed by washing ethyl alcohol and dried.

Figure 3.1. Hand-made spin coater (a) and UV light (b) systems.
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3.6. Removal of Hemoglobin

Hemoglobin imprinted SPR biosensor was washed with 0.01 M NaCl in an hour to
remove the template from hemoglobin imprinted SPR biosensor. This process was
repeated several times until not determination at 406 nm with a UV-visible
spectrophotometer.

3.7. Characterization of SPR Biosensors

Characterization studies of hemoglobin imprinted and non-imprinted SPR biosensors
were done via Fourier transform infrared-attenuated total reflectance (FTIR-ATR)

spectroscopy, atomic force microscopy (AFM), ellipsometry and contact angle analysis.

3.7.1. FTIR-ATR Spectroscopy Analysis

The hemoglobin imprinted and non-imprinted SPR biosensors were placed one by one

in an FTIR-ATR spectroscopy system (Figure 3.2).

Figure 3.2. FTIR-ATR spectroscopy system.

32



3.7.2. Atomic Force Microscopy Analysis

The atomic force microscope (AFM) was employed in tapping mode (Nanomagnetics
Instruments, Oxford, UK) to characterize the surfaces of the bare, non-imprinted and
hemoglobin imprinted SPR biosensors. The AFM system could perform measurements
in high resolution due to the cantilever interferometer (Figure 3.3). The bare, non-
imprinted and hemoglobin imprinted SPR biosensors were placed to the AFM system

and images were obtained with definite conditions.

Figure 3.3. Atomic force microscopy system.
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3.7.3. Ellipsometry Analysis

Ellipsometry measurements of the non-imprinted and hemoglobin imprinted SPR
biosensors were accomplished via using an ellipsometry system (Nanofilm EPS3,

Germany) with definite conditions (Figure 3.4).

Figure 3.4. Ellipsometry system.

3.7.4. Contact Angle Analysis

The contact angle values of biosensor surfaces were measured by KRUSS DSA100
system (Hamburg, Germany). A sessile drop method was used to obtain contact angle
values of the bare, non-imprinted and hemoglobin imprinted SPR biosensors. They

were calculated as the average of the contact angles of different drops (Figure 3.5).
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Figure 3.5. Contact angle analysis system.

3.8. Surface Plasmon Resonance Analysis

Kinetic studies with hemoglobin imprinted and non-imprinted SPR biosensors done by
using SPRimager Il (GWC Technologies, Madison, USA) (Figure 3.6 and Table 3.1).
The sensorgram data are obtained by Digital Optics V++ software and Microsoft Excel
software. The optic images of preparation steps of SPR system for analysis in Figure
3.7.
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Figure 3.6. Surface plasmon resonance system.

Table 3.1. The specifications of the SPR system used in this study according to the

manufacturer.

SPR-IMG-802-240

Electrical supply

230/240V 50-60Hz

Power consumption

70W

Ambient operating temperature

15-35°C

Sample operating temperature

Ambient — 60°C

Sensitivity, SPRchip™ samples 8pg mm™

Fluid flow rate min-max speed 30-600 ml/min (.031” ID tubing)
Standard flow cell volume 17 uL

Operating wavelength 800 nm

Incident light angle range 40-70°

Benchtop footprint 25" x 18" (63cm x 45cm)
Net weight 24 kg
CCD camera 1/2" format, 768x494 pixels

Prism material

SF10 prism (n=1,720)
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Figure 3.7. Preparation steps of SPR system for analysis.

All studies were done at room temperarure. Incidence angle setted to one third of the
difference between the minimum and maximum reflectivities. Because of slow flow
rates are better to increase the chance for the ligand to adsorb to the surface SPR
measurements are done at 150 uL/min flow rate. Flow rate calculated by water mass

weighting against time.

3.9. Kinetic Analysis

Kinetic analysis were first performed in different pH solutions that range from 4.0-8.0
with same hemoglobin concentration (0.1 mg/mL) and then different hemoglobin
concentrations from 0.0005 mg/mL to 1.0 mg/mL. After obtaining pH that response
maximum reflectivity change and adjusting the plasmon curves and resonance angle,
adsorption buffer solution, pH 6.0, was passed from the SPR system. Then, hemoglobin
solutions with different concentrations were pumped at the SPR system individually.
The value of reflectivity change (%AR) was observed instantly and desorption agent,
0.01 M NaCl, was provided when the system was in an equilibrium condition. After the
desorption process, SPR biosensor was regenerated with water and adsorption buffer
was re-equilibrated. Adsorption-desorption-regeneration steps were repeated in each
sample solution. The signal changes for each concentration are then calculated from a

series of difference images obtained by subtracting the reference image from the image
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obtained at each concentration of the analyte. Reflectivity changes are then plotted

versus concentration of the analyte.

3.10. Selectivity Analysis

The selectivity of non-imprinted and hemoglobin imprinted SPR biosensors was
investigated by using lysozyme (Lyz), transferrin (Trf), bovine serum albumin (BSA),
and myoglobin (Myb), solutions as competing proteins in same concentrations (0.1
mg/mL). In addition, the selectivity studies were done with a mixture of these competing
proteins and hemoglobin in the same concentration (0.1 mg/mL).

3.11. Reusability Analysis

To demonstrate the reusability of hemoglobin imprinted SPR biosensor, the same
hemoglobin solution was given to SPR system for four times. In addition, the different
concentrations of hemoglobin solutions that range from 0.1 mg/mL to 1.0 mg/mL were

also performed for reusability studies.

3.12. Preparation of Portable Microfluidic-Integrated SPR Biosensors

3.12.1. Fabrication of Gold Surfaces

The gold surfaces were fabricated in optimum condition. They washed with solvents to
remove impurities before microfluidic chip assembly. In the first step of the cleaning,
the gold chips were submerged in an isopropanol and ethanol (1:1) bath and heated
60°C for 5 min. They were then cleaned with deionized water and dried under N2
atmosphere. Followed by drying step, the surfaces were submerged piranha solution
(H20:H202:NH40H, 5:1:1) for 5 min, and they ware rinsed with ethanol and dried under

either ambient conditions or N2 atmosphere.
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3.12.2. Construction of Microfluidic Chips

As seen in Figure 3.8, a laser cutter (Versa Laser TM, Scottsdale, AZ) was used to cut
the PMMA and DSA and construct the microfluidic chip. The microfluidic chip
dimensions set as 31x57x3 mm. Two PMMA (3.0 mm) layers were combined by
employing a layer of DSA (50 mm). Other DSA layer and a gold coated surface
fabricated a microchannel. The microchannel (12x37x50 mm) was placed in the middle
of the microfluidic chip. The PMMA-DSA-PMMA-DSA-gold surface was combined with
a one use. Two holes were cut into the PMMA layer with a diameter as 0.7 mm that
used as the inlet and outlet. The other DSA layer produced a microchannel with a
channel volume of 4.0 yL. The last step, a gold surface of dimensions 1.4x1.4 cm was
mounted onto the microfluidic chip. All parts of the microfluidic chip and portable SPR

system was represented in Figure 3.9 (a) and Figure 3.9 (b).

Figure 3.8. The laser cutter system.
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Figure 3.9. All parts of the microfluidic chip (a) and portable SPR system (b) [15].
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3.12.3. Modification of Microfluidic-Integrated SPR Biosensors

After cleaning, the gold surfaces were modified with a layer-by-layer surface chemistry
approach. Briefly, the gold surfaces were incubated with 11-mercaptoundeconoic acid
(MUA, 10 mM) prepared in ethanol overnight at room temperature, and carboxyl groups
were originated onto the gold surface. Then, the gold surface was integrated with the
microfluidic chip, and the tubings were attached to the inlets and outlets using
epoxy.The gold surfaces were then washed with 300 puL of phosphate buffer saline
buffer (PBS, pH 7.4), and then, 100 pL of N-(3-dimethylaminopropyl)-N’-ethyl
carbodiimide hydrochloride (EDC, 100 mM)/N-hydroxy succinimide (NHS, 50 mM)
mixture was introduced into the channel via a syringe through the inlet. EDC/NHS was
incubated for 30 min at room temperature. Basically, EDC reacts with carboxyl groups
to form amine reactive groups that are stabilized by NHS addition. The succinimide
group is produced and this group reacts with amine groups of the protein. The
microfluidic-integrated SPR biosensor surfaces were then washed with 300 uL of PBS.
After that 100 pL of protein G (0.1 mg/mL) was added to the microfluidic chip for an
hour incubation at room temperature. After the protein G modification, the microfluidic-
integrated SPR surfaces were then washed with 300 pL of PBS. To detect hemoglobin
on the chip surface, we immobilized anti-hemoglobin antibody (100 yL, 5 ug/mL in PBS)
by incubating for an hour at room temperature. Finally, after washing the microfluidic-
integrated SPR biosensor, it can be ready for real-time hemoglobin detection. Figure
3.10 is demonstrated the schematic representation of the microfluidic-integrated SPR
biosensor. In addition, Figure 3.11 is also showed that the parts of the portable

microfluidic-integrated SPR biosensor system.
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Figure 3.11. The portable microfluidic-integrated SPR biosensor system.
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4. RESULTS AND DISCUSSION
4.1. Characterization of Acrylamide

Acrylamide monomer sample was placed in a sample holder by Fourier transform
infrared (FTIR) spectroscopy system and obtained an FTIR spectrum (Figure 4.1). The
absorption located in the regions around 3100-3300 cm™! represents to the asymmetric
and symmetric N-H stretching vibrations from acrylamide. The intensity band appearing
in the region 2809 cmare assigned to symmetric C-H stretching vibrations. The amide
| band (between 1600 and 1700 cm™) is principally related to the C=0 stretching
vibration and is directly associated with the backbone conformation. The absorption

located in the region 1427 cm! has been designated to C-N stretching vibrations [107].
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Figure 4.1. The FTIR spectrum of acrylamide monomer.

4.2. Preparation of Hemoglobin:Acrylamide Pre-Complex

The hemoglobin:acrylamide (Hb:AAm) pre-complex was prepared with functional
monomer, acrylamide and template molecule, hemoglobin. As shown in Figure 4.2, the

Hb:AAm pre-complex ratio was chosen as 1 pmol:4 mmol (Hb:AAm). Hb:AAm pre-
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complex absorbance intensity increment has ended up at this ratio and polymerization

was carried out according to the determined ratio.
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Figure 4.2. The spectrophotometric measurements of hemoglobin:acrylamide pre-

complex.

4.3. Characterization of SPR Biosensors

4.3.1. FTIR-ATR Spectroscopy Analysis

The hemoglobin imprinted and non-imprinted SPR biosensors were placed in a sample
holder by FTIR-ATR spectroscopy system and obtained FTIR spectra (Figure 4.3-
Figure 4.4). The absorption located in the regions around 3100-3300 cm™ represents
to the asymmetric and symmetric N-H stretching vibrations from polyacrylamide matrix.
The intensity band appears at around 2900 cm™ are assigned to symmetric C-H
stretching vibrations. The amide | bands (between 1600 and 1650 cm™) is related to
the C=0 stretching vibrations. The shifting bands of from 1647 cm™ to 1655 cm™ C=0
and C-N from 1448 cm to 1424 cm confirmed that the imprinting process succeeded

[12].
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Figure 4.3. The FTIR-ATR spectrum of non-imprinted SPR biosensor.
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Figure 4.4. The FTIR-ATR spectrum of hemoglobin imprinted SPR biosensor.
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4.3.2. Atomic Force Microscopy Analysis

AFM analysis was carried out by using Nanomagnetics instrument. As seen in Figures
4.5-4.7, the surface deepness of hemoglobin imprinted SPR biosensor was increased.
The AFM images of bare, non-imprinted and hemoglobin imprinted SPR biosensors
revealed that the average surface roughness values were increased from 0.54 nm to
1.86 nm that indicated the generation of the polymeric nanofilm. This result also
confirmed that the surface roughness was amplified and polymerization was succeeded
onto the SPR biosensor. In addition, root mean square (RMS) values were also
increased from 0.73 nm to 2.46 nm with imprinting process. The almost homogeneous

biosensor surfaces were displayed by AFM images.
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Figure 4.5. The AFM image of bare SPR biosensor.
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Figure 4.6. The AFM image of non-imprinted SPR biosensor.
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Figure 4.7. The AFM image of hemoglobin imprinted SPR biosensor.

47



4.3.3. Ellipsometry Analysis

Ellipsometry analysis was also accomplished to prove the nanofilm polymerization.
Surface thicknesses were calculated as 88.3£3.3 nm and 87.9+1.6 nm for non-
imprinted and hemoglobin imprinted SPR biosensors (Figure 4.8 and Figure 4.9). To
conclude, it can be assumed that almost homogeneous and monolayer formation of the
nanofilm had succeeded.

Figure 4.8. The ellipsometer image of non-imprinted SPR biosensor.
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Figure 4.9. The ellipsometer image of hemoglobin imprinted SPR biosensor.

4.3.4. Contact Angle Analysis

The contact angle values of SPR biosensor surfaces were quantified with a KRUSS
DSA100 instrument. According to the results, the contact angle value of the hemoglobin
imprinted SPR biosensor was decreased from 64.7+1.4° to 58.4+1.0° with imprinting
process. A significant reduction of the contact angle indicated that the surface
hydrophilicity was increased. This can be explained as follows: In the preparation of
hemoglobin imprinted SPR biosensors, hydrophilic monomer, acrylamide was used. In
addition, hydrophobic property of hemoglobin imprinted SPR biosensor was increased
when compared with non-imprinted SPR biosensor because of introduced hemoglobin
containing hydrophobic amino acid groups. So, the contact angle of non-imprinted SPR

biosensor has 42.5+£1.6°. The images with angles were exhibited in Figure 4.10- 4.12.
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Figure 4.10. The contact angle image of bare SPR biosensor.

Figure 4.11. The contact angle image of non-imprinted SPR biosensor.
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Figure 4.12. The contact angle image of hemoglobin imprinted SPR biosensor.

4. 4. Surface Plasmon Resonance Measurements

Unlike the commonly used method for determination of biomolecules, SPR biosensors
can be used without the need for any labelling. The absence of the labelling process
saves both time and costs. Also, because of marker molecules interactions with other
molecules in the environment can obtain incorrect results. These problems are resolved
by the use of SPR biosensors. In addition, the interactions between analyte and SPR
biosensor surface can be measure in real-time and directly. These features provide to
the characterization of the relationship between analyte and ligand as a quantitative
analysis or determination of the kinetic, thermodynamic and concentration parameters

as a qualitative analysis [108].

4.4.1. Effect of pH

The hemoglobin imprinted SPR biosensor was washed with pH solution for 200 sec
and hemoglobin solutions in same concentration (0.1 mg/mL) and at different pH (range
from 4.0-8.0) were employed to SPR system for 1000 sec. Then, 0.01 M NaCl solution

was applied as desorption agent for a 200 sec. After finalizing the analysis, the
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hemoglobin imprinted SPR biosensor was continued to wash with desorption agent for

30 min, then with deionized water for 30 min and finally with adsorption agent for 30

min.
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Figure 4.13. The real-time hemoglobin detection with hemoglobin imprinted SPR
biosensor at different pH in terms of a sensorgram (a) and a bar graph (b). Experiment
condition: cHb=0.1 mg/mL, T=25°C.
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As seen in Figure 4.13 (a-b), the highest response was observed at pH 6.0. Hemoglobin
and acrylamide were used as a template and functional monomer. Acrylamide can
supply several H-bonding spots for hemoglobin. Thus, the hemoglobin molecule can
be polymerized in the polymeric matrix through the H-bond between the acrylamide

amide group and the hemoglobin amino and carboxyl groups.

4.4.2. Effect of Hemoglobin Concentration

As seen from Figure 4.14-Figure 4.22, a rise in hemoglobin concentration originated an
increase in SPR response. In this SPR system, data converted to the real change in
reflectivity, %AR, because it is the absolute physical unit of measurement. %AR values

in resonance frequency arrived at a plateau value in 1200 sec.
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Figure 4.14. The real-time hemoglobin detection with hemoglobin imprinted SPR

biosensor. Experiment condition: cHb=0.0005 mg/mL, T=25°C, pH 6.0.
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Figure 4.15. The real-time hemoglobin detection with hemoglobin imprinted SPR

biosensor. Experiment condition: cHb=0.0015 mg/mL, T=25°C, pH 6.0.
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Figure 4.16. The real-time hemoglobin detection with hemoglobin imprinted SPR

biosensor. Experiment condition: cHb=0.0035 mg/mL, T=25°C, pH 6.0.
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Figure 4.17. The real-time hemoglobin detection with hemoglobin imprinted SPR

biosensor. Experiment condition: cHb=0.025 mg/mL, T=25°C, pH 6.0.
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Figure 4.18. The real-time hemoglobin detection with hemoglobin imprinted SPR

biosensor. Experiment condition: cHb=0.05 mg/mL, T=25°C, pH 6.0.
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Figure 4.19. The real-time hemoglobin detection with hemoglobin imprinted SPR

biosensor. Experiment condition: cHb=0.1 mg/mL, T=25°C, pH 6.0.
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Figure 4.20. The real-time hemoglobin detection with hemoglobin imprinted SPR

biosensor. Experiment condition: cHb=0.25 mg/mL, T=25°C, pH 6.0.
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Figure 4.21. The real-time hemoglobin detection with hemoglobin imprinted SPR

biosensor. Experiment condition: cHb=0.5 mg/mL, T=25°C, pH 6.0.
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Figure 4.22. The real-time hemoglobin detection with hemoglobin imprinted SPR

biosensor. Experiment condition: chb=1.0 mg/mL, T=25°C, pH 6.0.
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Figure 4.23. The combination of real-time responses of hemoglobin imprinted SPR

biosensor. Experiment condition: cHb=0.0005-1.0 mg/mL, T=25°C, pH 6.0.
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Figure 4.24. The calibration curve of hemoglobin imprinted SPR biosensor response to

hemoglobin solutions between 0.0005 mg/mL and 1.0 mg/mL.
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The combination of real-time responses of hemoglobin imprinted SPR biosensor was
exhibited in Figure 4.23. In Figure 4.24, the relationships between hemoglobin
concentration and %AR were also given. As referred before, hemoglobin concentration
has been coordinated by diluting with pH 6.0 phosphate buffer in different ratios. In all
solutions, hemoglobin imprinted SPR biosensor extended the plateau value in 1200
sec. After 0.01 M NaCl was applied, %AR values cut down to approximately initial
value. According to increase in the concentration, AR values increased, as well. Thus,
reduce the concentration also reduced the driving force between hemoglobin solution
and hemoglobin imprinted SPR biosensor. Therein, the change in %AR values
increased from 0.098 to 13.67 while hemoglobin concentration was increased from
0.0005 mg/mL to 1.0 mg/mL, respectively. When the %AR data which were determined
for the concentration between 0.0005-1.0 mg/mL were taken, the curve had an equation
y = 1.7872Inx+11.545 with R? value as 0.91, correspondingly. It means that the
hemoglobin imprinted SPR biosensor is talented to detect hemoglobin from sample
solutions with 91% precision if it is a range in 0.0005-1.0 mg/mL. Also, the hemoglobin
imprinted SPR biosensor is talented to detect hemoglobin from sample solutions with
99% precision if it is a range in 0.0005-0.05 mg/mL and 94% precision if the

concentration range is 0.1-1.0 mg/mL.
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Figure 4.25. The calibration curves of hemoglobin imprinted SPR biosensor response
to hemoglobin solutions between 0.0005-0.05 mg/mL (a) and 0.1-1.0 mg/mL (b).
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According to the results, a limit of detection (LOD) value was determined. The linear
part of the calibration curve gives the LOD value by using 3S/b formula. The LOD value

was calculated as 0.00035 mg/mL at the end of the experiment.

4.4.3. Kinetic Studies

4.4.3.1. Equilibrium Analysis

All hemoglobin concentration can be depicted as hemoglobin imprinted SPR biosensor
response change, %AR, [109]. In the pseudo first order reactions, the hemoglobin

concentration is kept constant and the interaction can be defined by Equation 1:

28 = kaC(ARpmax — ARkqAR (1)
that dAR/dt is the rate change of the SPR biosensor response, AR and ARmax are the
obtained and maximum response quantified, c is the hemoglobin concentration, ka and
kd are the association and dissociation rate constants. The association constant, Ka,
can be found as Ka=ka/kd. Generally, dAR/dt=0 at equilibrium. The equation can be
revised as Equation 2:

ARoq/c = KpARyax — KadReq (2)

The Ka value can obtain from a plot of AReg/C vs. AReq and the dissociation constant,

Kp, can be found as 1/Ka.

Equation 1 can be revised to provide Equation 3:

dAR
ar = kaCARmax - (kaC + kd)AR (3)

A plot of dAR/dt against AR will be a straight line with slope —(kac + kd). The initial
binding rate is comparable to the hemoglobin concentration. If ARmax is identified, both
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ka and ka can be described from an association sensorgram [110]. A preferred method
is to quantify the association sensorgram at various hemoglobin concentrations [111].
The forward and back rates are obtained from a plot of dAR/dt versus AR supplies a
value s as the slope which associates the forward and back rates as follows as Equation
4:

s =ksc +ky (4)

The plot of s versus c will be a straight line and ka is obtained from the slope. In principle,
the intercept on the ordinate gives kd [112]. But the direct determination of the
dissociation from saturated binding sites into an adsorption solution flow that contains

no hemoglobin is a more accurate way. The dissociation is quantified by Equation 5:

In(ARy/ARy) = ka(t —to) (5)

that ARo is the initial response at to; AR and t obtain from the dissociation curve [113].

Association kinetics analysis graph was shown in Figure 4.26.
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Figure 4.26. Determination of kinetic rate constants: Association kinetics analysis.
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Equilibrium analysis that is called as Scatchard is employed to examine the
experimental data for reversible host/guest interactions and find the total binding sites
the host has in equilibrium condition [114].

AR,y /c = K4(ARpax — AReq) (6)

Equilibrium analysis graph was also shown in Figure 4.27.
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Figure 4.27. Determination of kinetic rate constants: Equilibrium analysis.
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Table 4.1. Equilibrium and association kinetics constants.

Equilibrium analvsis Association
i . Kinetic analysis
AR max 13 Ka: 0.011
mL/mg.s
Ka,mL/mg |12.6 Kq,1/s 0.001

Kp, mg/mL |0.08 Ka,mL/mg |15

R? 0.92 Kp, mg/mL |0.07

R? 0.98

4.4.3.2. Adsorption Isotherm Models

The adsorption isotherm models can be employed to describe the detection capability,

selectivity and surface homogeneity of the molecularly imprinted biosensors [114].

As shown in Equations 7 to 9, the binding between the hemoglobin imprinted SPR
biosensor and hemoglobin was defined with three different adsorption isotherm models

were studied:

Langmuir AR = {ARpux[c]/Kp + [c]} (7
Freundlich AR = ARy [c]M" (8)
Langmuir—Freundlich AR = {AR,4[c]*"/Kp + [c]'™} 9)

Langmuir adsorption isotherm model bases on the acceptance of a homogeneous
distribution of equal energy and also no extra interactions [112]. Freundlich adsorption
isotherm model is a suitable heterogeneous interaction. The heterogeneity index, 1/n,

ranges between 0 and 1, as heterogeneity decreases, 1/n becomes closer to 1, and
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equals to 1 for a homogeneous system [115]. Langmuir-Freundlich adsorption isotherm
model is a hybrid model that can be employed to suitable for both systems [114]. This
adsorption isotherm model can be fitted to define adsorption of homogeneous and
heterogeneous surfaces.

Langmuir Adsorption Isotherm
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Figure 4.28. Langmuir adsorption isotherm model.

64



Freundlich Adsorption Isotherm
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Figure 4.29. Freundlich adsorption isotherm model.
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Figure 4.30. Langmuir-Freundlich adsorption isotherm model.
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Table 4.2. The comparison of adsorption isotherm models.

Langmuir Freundlich Ilzfgugr:r(]jlljii(;
AR, 501 |AR,. 224  |AR,. 4.21
Kp, mg/mL [0.03 1/n 0.67 1/n 0.67
Ka, mL/mg |39.1 R? 0.96 Kp, mg/mL |0.26
R? 0.99 Ka, mL/mg |3.86
R? 0.99

All adsorption isotherm models graphs were demonstrated in Figure 4.28-4.30. In
addition, the constants for all adsorption isotherm models were displayed in Table 4.2.
As seen from there, the most suitable adsorption isotherm model is that Langmuir
adsorption isotherm model (R?=0.99). According to the results, Ka and Kp values were

also found as 39.1 mL/mg and 0.03 mg/mL.

4.4.4. Selectivity Analysis

The selectivity analysis of the hemoglobin imprinted SPR biosensor was carried out by
using competing proteins that include lysozyme (Lyz), transferrin (Trf), bovine serum
albumin (BSA), and myoglobin (Myb). All protein sample solutions were prepared as
0.1 mg/mL and then applied to the SPR system for selectivity analysis. As expected,
the response of the hemoglobin imprinted SPR biosensor was the highest value
(%AR=7.15), indicating that the hemoglobin imprinted SPR biosensor displayed good
selectivity for the template Hb molecule. Furthermore, Lyz (%AR=4.19) exhibited higher
rebinding on the hemoglobin imprinted SPR biosensor than Trf (%AR=1.64), BSA
(%AR=0.61), and Myb (%AR=0.40). Compared with BSA (MW=66 kDa), Trf (MW=76
kDa) and Myb (MW=17 kDa), Lyz (MW=14.3 kDa) was much smaller one according to
the molecular weights of proteins. This result can be explained by using size, charge
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and shape of the proteins. Small proteins can be diffused easily into the cavities and
generated non-selective binding. Contrary to the small proteins, the large proteins were
easier to be removed from the cavities because of the steric hindrance [116]. As seen
from Figure 4.31, the results suggested that the hemoglobin imprinted SPR biosensor
had particular detection capability toward hemoglobin because of the imprinting

process.

The non-imprinted SPR biosensor (NIP) was also prepared. The non-imprinted SPR
biosensor gave a low response to hemoglobin solution (%AR=0.57). The %AR values
of the non-imprinted SPR biosensor to Lyz, Trf, BSA, and Myb were also defined as
1.48, 1.00, 0.46 and 0.24, respectively (Figure 4.32). The selectivity coefficients were
calculated between Hb and Lyz, Trf, BSA, and Myb as 1.71, 4.36, 11.7 and 17.9 for
hemoglobin imprinted SPR biosensor, respectively. In addition, the selectivity
coefficients were determined between Hb and Lyz, Trf, BSA, and Myb as 1.39, 0.57,
1.24 and 2.38 for non-imprinted SPR biosensor as well. The relative selectivity
coefficients were also calculated as 4.39, 7.65, 9.44 and 7.52 for Lyz, Trf, BSA, and
Myb. According to all responses of hemoglobin imprinted and non-imprinted SPR
biosensors, the structural memory and specificity were only observed in hemoglobin

imprinted SPR biosensor due to the imprinting process.

The selectivity coefficient, k, is depicted by Equation 10. The relative selectivity

coefficient, k', is also described by Equation 11 as well.

k = ARtemplate/ARcompetitor (10)
- kMIP
k' = /kNIP (11)

All selectivity and relative selectivity coefficients of the hemoglobin imprinted and non-

imprinted SPR biosensors were shown in Table 4.3.

67



8 - —Hb
—Lyz
7 y
Trf
6 - —BSA
— Myb
5 -
(14
g4
S~
3 -
2 -
1 1 —:q
0 = T T T T T T w“_q
0 200 400 600 800 1000 1200 1400
Time (sec)

Figure 4.31. The selectivity combination of real-time responses of hemoglobin

imprinted SPR biosensor. Experiment condition: Cprotein=0.1 mg/mL, T=25°C, pH 6.0.
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Figure 4.32. The selectivity combination of real-time responses of non-imprinted SPR

biosensor. Experiment condition: Cprotein=0.1 mg/mL, T=25°C, pH 6.0.
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Figure 4.33. The selectivity comparison of hemoglobin imprinted (MIP) and non-
imprinted (NIP) SPR biosensors. Experiment condition: Cprotein=0.1 mg/mL, T=25°C, pH
6.0.

Table 4.3. The selectivity and relative selectivity coefficients of hemoglobin imprinted
(MIP) and non-imprinted (NIP) SPR biosensors.

MIP NIP
Protein |AR k AR k k'
Hb 7.15 0.57
Lyz 4.19 1.71 1.48 0.39 4.39
Trf 1.64 4.36 1 0.57 7.65
BSA 0.61 11.7 0.46 1.24 9.44
Myb 04 17.9 0.24 2.38 7.52
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Furthermore, the protein mixtures were prepared by the same concentrations of Lyz-
Hb, Trf-Hb, BSA-Hb, and Myb-Hb proteins. As demonstrated in Figure 4.34, the mixture
of Lyz and Hb showed the highest response (%AR=5.69) for hemoglobin imprinted SPR
biosensor. The Trf-Hb, BSA-Hb, and Myb-Hb protein mixtures responses were
observed as 3.05, 2.44 and 1.17 for hemoglobin imprinted SPR biosensor as well. The
non-imprinted SPR biosensor was showed less response with the mixture of Lyz-Hb
(%AR=1.89), Trf-Hb (%AR=1.92), BSA-Hb (%AR=1.31), and Myb-Hb (%AR=1.06).

oMIP oONIP

%AR

Myb-Hb

Figure 4.34. Selectivity comparison of hemoglobin imprinted (MIP) and non-imprinted

(NIP) SPR biosensors. Experiment condition: Cprotein=0.1 mg/mL, T=25°C, pH 6.0.

4.4.5. Reusability Analysis

The adsorption-desorption-regeneration cycles were employed as given experimental
part to demonstrate the reusability of the hemoglobin imprinted SPR biosensor. As seen
in Figure 4.35, the sample solutions were prepared different solutions as 0.05, 0.25,
0.5 and 1.0 mg/mL and then applied to the SPR system consecutively, and the
responses of the hemoglobin imprinted SPR biosensor were increased. In addition, the

hemoglobin imprinted SPR biosensor was performed with same hemoglobin
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concentration (0.1 mg/mL) at different times (0, 3, 27 months) to show storage stability
of the hemoglobin imprinted SPR biosensor. The response of the hemoglobin imprinted
SPR biosensor was decreased from 6.42 to 6.33 and the performance loss was only
9% in 27 months. According to this result, the hemoglobin imprinted SPR biosensor
can be used to detect hemoglobin molecules several times without any loss of

performance.
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Figure 4.35. Reusability of hemoglobin imprinted SPR biosensor. Experiment condition:
CHb=0.05-1.0 mg/mL, T=25°C, pH 6.0.

71



6.45 -‘
6.4
3
o
S 6.35
=
6.3 -
8.25 V
1
3
27
Month

Figure 4.36. Storage stability of hemoglobin imprinted SPR biosensor. Experiment

condition: cHpb=0.1 mg/mL, T=25°C, pH 6.0.

72



Table 4.4. The comparison of different systems with

this system for hemoglobin

detection.
. Limit of L L .
Sensor type Based on Detection range A CHon Selectivity Reusability Time Real sample Reference
. Magnetic .
Electrochemical . 0.005-0.1 mg/mL 0.001 mg/mL Lyz, BSA, HRP Not reported 7 min Blood [81]
nanoparticles
Fluorescence Core-shell 0.02-2.0 yM 6.3nM Lyz, BSA, OB 5times 15 min Blood, urine [82]
Localized surface
plasmon Avrtificial antibody 0.5-20 pg/mL Not reported HSA, BSA, Lyz Not reported 120 min Not reported [83]
resonance
Differential pulse 10 " 11 Lyz, BSA, HSA, ) . )
voltametry eATRP 1.107%%-1.10' mg/L| 7.8.10""" mg/L IgG 3times 120 min Bovine blood [84]
Fluorescence | Gold nanoparticle | 0.1-20 pmol/L 0.03 pmoliL BSA, i';b Alb, Not reported Not reported Not reported [85]
Differential pulse 3 5 9 ) . ]
voltametry Cryogel 1.10%-1.10°mg/L | 6.7.10° mg/L Lyz, BSA, HSA 3times 120 min Bovine blood [86]
Electrochemical SAM 1-20 pg/mL Not reported Myb Not reported Not reported Not reported [87]
Localized surface PEGated
plasmon nanorattle 1-2500 ng/mL Not reported HSA, BSA, Myb Not reported Not reported Not reported [88]
resonance
- 5.10"%-7.107 10
Chemiluminescent | Carbon nanotube mafmL 1.5.10™ mg/mL BSA, Lyz Not reported Not reported Waste water [89]
' ) 1.10"-1.107 )
Electrochemical | Gold nanoparticle — Not reported BSA, EA, Lyz 5 times Not reported Not reported [90]
Electrochemical Nanoparticle 0.005-0.1 mg/mL 25.8 ng/mL Lyz, HRP Not reported 10 min Not reported [91]
) Graphene-carbon| 1.10%°-1.107 " BSA, HSA, Lyz, ) : )
Electrochemical electrode mg/mL 3.09.10"" mg/mL ATP, BI 3 times 120 min Bovine blood [92]
. Magnetic 5.107-1.10° " BSA, Lyz, Cyt C, .
Electrochemical nanoparticle mgimL 1.184.10° mg/mL HRP Not reported 70 min Not reported [93]
Electrochemical Graphene 110%-1.10* 2.10°mgimL  |BSA, Lyz, EA, Pa| Not reported 10 min Bovine blood [94]
composite mg/mL ) mo/m »byz. BA Pap P
Surface plasmon
resonance- Thin film 0.0005-5.0 mg/mL | 0.000435 mg/mL | BSA, Lyz, Ova Not reported 25 min Not reported [95]
Electrochemical
Electrochemi- Magnetic " BSA, CEA, AFP, ]
Juminescence nanocomposite 0.1-4.10" pg/mL 0.023 pg/mL HCG, HIgG Not reported 70 min Human serum [96]
Phosphorescence Quantum dot 1.107-5.10° mollL| 3.8.10°mollL Not reported 11 times 15 min Urine, serum [97]
) Gold 3 BSA, Lyz, CytC, . ’
Electrochemical microdentrites 0.1-4.10° pg/mL 0.05 pg/mL Ova 5 times 60 min Not reported [98]
g BSA, Trp, Crp,
Electrochemical Quantum dot 27.8-444 ng/mL 6.73 ng/mL Glu, Dop, Cys, Not reported Not reported Human blood [99]
carbon nanotube
AA, Ins
Fluorescence | Quantum dot 0.02-2.1 M 9.4nM BSA, Lyz, OB Not reported 60 min B°V'Sﬁn2'°°d' [100]
Surface plasmon Nanofilm 0.0005-1.0 0.00035 mg/mL Lyz, BSA, Trf, 4 times 23 min Not reported Our study
resonance mg/mL Myb

The comparison of the hemoglobin imprinted biosensor systems is summarized in
Table 4.4. The table is prepared with different parameters such as sensor type, dynamic
range, limit of detection, selectivity, reusability etc. year by year since 2013 and based

on MIP database references.
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4.5. Portable Microfluidic-Integrated SPR Biosensors

4.5.1. Surface Chemistry Modification

Each surface modification step was monitored by recording SPR angle shifts on the
resonance angle as shown in Figure 4.37. The SPR angle shifted with different surface
activators (EDC/NHS, protein G, and antibody) and the baseline was obtained during
PBS washing steps after each modification. The sharp angle shift was observed when
EDC/NHS couple applied to the portable microfluidic-integrated SPR system. After
washing steps, protein G and antibody binding were occurred with angle shifts as well.

(b) EDC/NHS PBS Protein G PBS Ab PBS
Coupling Wash Binding Wash Binding Wash
70.1 -
"
. 70.0 -
)
O 69.9-
(@)}
Bindi
e S 69.8-
)
o 69.7-
Protein G 5:
Binding 69.6 -
1a
& 69.5-
EDC/NHS 69.44
Coupling
69.3 T T T T T T
0 20 40 60 80 100 120
Gold Chip | | Time (minute)

Figure 4.37. Evaluation of surface chemistry steps via real-time monitoring SPR angle

changes.

4.5.2. SPR Measurements

After antibody immobilization on the chip surfaces, the microfluidic-integrated SPR
biosensors were washed with PBS buffer with 5 yL/min of flow rate before the injecting

hemoglobin solutions. Then, the hemoglobin solutions ranging from 5-250 pg/mL were
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applied to the portable SPR monitoring system with 5 yL/min of flow rate. A complete
measurement consists of applying 20 min of PBS buffer, then 30-60 min of hemoglobin
solutions injection in PBS to the system and then applying 20 min of PBS buffer at the
same flow rate, respectively. All steps including equilibration-detection-washing were

approximately completed within 70-100 min.

As demonstrated in Figure 4.38-Figure 4.44, the increments in hemoglobin solution
concentration resulted in an amplification in SPR angle shifts. For instance, the
representative resonance angle shifts (AA) were obtained as 0.06-0.36 degree in the
SPR curve upon detection of hemoglobin when 5-250 pg/mL was applied. The
correlation coefficient was obtained as 0.989 between 5-250 pg/mL of hemoglobin
solutions with the y=0.0798In(x)-0.0862 equation (Figure 4.45). Namely, the portable
microfluidic-integrated SPR biosensor was able to detect hemoglobin with 98.9%

precision for 5-250 pg/mL of hemoglobin concentration ranges.
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Figure 4.38. The plot of SPR angle shift after the application of 5 pg/mL hemoglobin to

the microfluidic-integrated SPR biosensor.
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Figure 4.39. The plot of SPR angle shift after the application of 10 pg/mL hemoglobin
to the microfluidic-integrated SPR biosensor.
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Figure 4.40. The plot of SPR angle shift after the application of 25 ug/mL hemoglobin
to the microfluidic-integrated SPR biosensor.
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Figure 4.41. The plot of SPR angle shift after the application of 50 pg/mL hemoglobin

to the microfluidic-integrated SPR biosensor.
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Figure 4.42. The plot of SPR angle shift after the application of 100 ug/mL hemoglobin

to the microfluidic-integrated SPR biosensor.
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Figure 4.43. The plot of SPR angle shift after the application of 200 pg/mL hemoglobin

to the microfluidic-integrated SPR biosensor.
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Figure 4.44. The plot of SPR angle shift after the application of 250 pg/mL hemoglobin

to the microfluidic-integrated SPR biosensor.
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Figure 4.45. The calibration curve for hemoglobin detection onto the microfluidic-

integrated SPR biosensor.

4.5.3. Equilibrium Analysis

The equilibrium analysis was investigated to determine the host-guest interactions
during SPR measurements. According to the data from Figure 4.46, the maximum
resonance angle shift (AAmax) was obtained as 0.42 which was close the experimental
data. In addition, association (Ka) and dissociation (Kp) coefficients were calculated as
0.024 mL/ug and 42.6 ug/mL with high correlation coefficient (R?= 0.98).
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Figure 4.46. Determination of kinetic rate constants: Equilibrium analysis.

4.5.4. Adsorption Isotherm Models

The Langmuir, Freundlich and Langmuir-Freundlich adsorption isotherm model graphs
were represented in Figure 47, Figure 48 and Figure 49. The parameters for all
isotherm models were presented in Table 4.5. Considering all calculations and results
derived from kinetic models, Langmuir adsorption isotherm model provided the fittest
adsorption isotherm model to define the interactions between the portable microfluidic-
integrated SPR biosensor and the hemoglobin (R?=0.936). The Langmuir equation
indicated that the binding of hemoglobin onto the portable microfluidic-integrated SPR
biosensor surface was a monolayer. Ka and Kp values were also calculated as 0.044

mL/ug and 22.81 ug/mL.
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Figure 4.47. Langmuir adsorption isotherm model.
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Figure 4.48. Freundlich adsorption isotherm model.
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Figure 4.49. Langmuir-Freundlich adsorption isotherm model.
Table 4.5. Comparison of adsorption isotherm models.
, : Langmuir-
Langmuir Freundlich Freundlich
AA . 0.32 AA 324 AA . 1.87
Kp,ug/mL (22.8 1/n 0.47 1/n 0.47
Ka, mL/ug [0.04 R? 0.96 Kp, ug/mL [66.7
R? 0.94 Ka, mL/ug (0.02
R? 0.97
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Table 4.6. The comparison of different systems with this system for hemoglobin

detection.
Detection Detection Limit of . Advantages or

Sample load Conditions Target range detection Assay time disadvantages References
Requires

Pump (Flow PBS (pH 7.4) . . multiple washing

rate: 60 pL/min) |and 0.01 M HCI Hemoglobin 0.2-1.0uM 0.15 kM 10/min steps and (117]
precise

Pump (Flow based olecuar

rate: 0.02 PBS (pH 7.4) Hemoglobin 0.1-25 mg/mL  |Not reported 4-8 min controlled u [118]

mL/min) .
semiconductor

Pump (Flow . Low dynamic

rate: 40 ul/min) PBS (pH7.4) |Apohemoglobin |2.5-30.0 uM 2 uM 500 s linear range [119]
Requires ionic

Not reported PBS (pH 7.0)  |Hemoglobin 0-250 pg/mL Not reported 2-10 min strength and [120]
content control

Pump (Flow Human Down to 5 ) Fully portable

rate: 5 pL/min) PBS (pH 7.4) hemoglobin 5-250 pg/mL pg/mL 30 min setup. Our Study

Finally, the portable microfluidic-integrated SPR biosensor system was compared with

the other studies. The comparison of different systems with this system for hemoglobin

detection in Table 4.6. The table is prepared with different parameters such as detection

condition, target, assay time, advantages and disadvantages so on.
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5. CONCLUSION

The aim of this study is molecularly imprinted nanofilm production onto the

surface plasmon resonance biosensor surface to detect hemoglobin protein.

To increase detection capability of the hemoglobin imprinted SPR biosensor
acrylamide monomer was used together with hemoglobin during the imprinting

process.

According to the FTIR spectrum of acrylamide monomer, the absorption located
in the regions around 3100-3300 cm™ represents to the asymmetric and
symmetric N-H stretching vibrations from acrylamide. The intensity band
appearing in the region 2809 cm are assigned to symmetric C-H stretching
vibrations. The amide | band (between 1600 and 1700 cm™) is principally related
to the C=0 stretching vibration and is directly associated with the backbone
conformation. The absorption located in the region 1427 cm™ has been

designated to C-N stretching vibrations (Figure 4.1).

The hemoglobin:acrylamide pre-complex was prepared and characterized by
UV-visible spectroscopy. According to the obtained graph in Figure 4.2, the
hemoglobin:acrylamide pre-complex ratio was chosen as 1 pmol:4 mmol
(Hb:AAm).

The hemoglobin imprinted and non-imprinted SPR biosensors were placed in a
sample holder by FTIR-ATR spectroscopy system and obtained FTIR spectra
(Figure 4.3-Figure 4.4). The absorption located in the regions around 3100-3300
cm? represented the asymmetric and symmetric N-H stretching vibrations from
polyacrylamide matrix. The intensity band appearing in the region around 2900
cm are assigned to symmetric C-H stretching vibrations. The amide | bands
(between 1600 and 1650 cm™) is related to the C=0 stretching vibrations. The
shifting bands of from 1647 cm to 1655 cm™ C=0 and C-N from 1448 cm™ to

1424 cm confirmed that the imprinting process succeeded.
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The bare, non-imprinted and hemoglobin imprinted SPR biosensors revealed
that the average surface roughness values were raised from 0.54 nm to 1.86 nm
that obtained by AFM measurements (Figure 4.5-4.7). In addition, root mean
square (RMS) values were also increased from 0.73 nm to 2.46 nm with
imprinting process. This result also confirmed that the surface roughness was
amplified and polymerization was succeeded onto the SPR biosensor.

Surface thicknesses were calculated from ellipsometry measurements as
88.3+3.3 nm and 87.94£1.6 nm for non-imprinted and hemoglobin imprinted SPR
biosensors (Figure 4.8 and Figure 4.9). The results showed that the

homogeneous and monolayer formation of the nanofilm had succeeded.

According to contact angle measurements, the contact angle of bare and
hemoglobin imprinted SPR biosensors were observed as 64.7+1.4°to 58.4+1.0°.
A significant reduction of the contact angle indicated that the surface
hydrophilicity was increased. In addition, the contact angle of non-imprinted SPR
biosensor has 42.5+1.6°. The contact angle measurements images with angles
were demonstrated in Figure 4.10-4.12.

The hemoglobin imprinted SPR biosensor was performed with hemoglobin
solutions in same concentration (0.1 mg/mL) and at different pH (range from 4.0-

8.0). As seen in Figure 4.13 (a-b), the highest response was observed at pH 6.0.

The increase of the hemoglobin imprinted SPR biosensor response in different
hemoglobin solutions was shown in Figure 4.14-4.22. The combination of
responses of hemoglobin imprinted SPR biosensor was also exhibited in Figure
4.23. According to the results, the change in %AR values increased from 0.098
to 13.67 while hemoglobin concentration was raised from 0.0005 mg/mL to 1.0
mg/mL.

The relationships between hemoglobin concentration and %AR were also given
in Figure 4.24. When the %AR data which were determined for the concentration

between 0.0005-1.0 mg/mL were taken, the curve had an equation y =
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1.7872Inx+11.545 with R? value as 0.91. It means the hemoglobin imprinted
SPR biosensor is talented for hemoglobin detection from sample solutions with
91% precision if it is a range in 0.0005-1.0 mg/mL. Also, the hemoglobin
imprinted SPR biosensor is talented to detect hemoglobin from sample solutions
with 99% precision if it is a range in 0.0005-0.05 mg/mL and 94% precision if it
is a range of 0.1-1.0 mg/mL (Figure 4.25).

According to the results, limit of detection value was determined as 0.00035

mg/mL with 3S/b formula.

Equilibrium and association kinetics analysis graphs were also shown in Figure
4.26-4.27. According to the results, high correlation coefficients were obtained
with experimental data as 0.92 and 0.98 for equilibrium and association kinetics
analysis. In addition, the association and dissociation coefficients were obtained
as 12.6 mL/mg and 0.08 mg/mL for equilibrium analysis and 15 mL/mg and 0.07

mg/mL for association kinetic analysis. All coefficients were given in Table 4.1.

The adsorption isotherm models were demonstrated in Figure 4.28-4.30. In
addition, the parameters for all isotherm models were given in Table 4.2.
According to the results, the best fitted model to define the interaction between
the hemoglobin imprinted SPR biosensor and hemoglobin solution is Langmuir
adsorption isotherm model (R?=0.995). The Ka and Kp values were also found
as 39.1 mL/mg and 0.03 mg/mL.

The selectivity of the hemoglobin imprinted SPR biosensor was carried out by
using lysozyme (Lyz), transferrin (Trf), bovine serum albumin (BSA), and
myoglobin (Myb) detections. The Figure 4.31, Lyz (%AR=4.19) exhibited higher
rebinding on the hemoglobin imprinted SPR biosensor than Trf (%AR=1.64),
BSA (%AR=0.61), and Myb (%AR=0.40).

The non-imprinted SPR biosensor was also prepared and it gave a low response
to hemoglobin solution (%AR=0.57). The %AR values of the non-imprinted SPR
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biosensor to Lyz, Trf, BSA, and Myb were also defined as 11.48, 1.00, 0.46 and
0.24 (Figure 4.32).

The selectivity coefficients were calculated between hemoglobin and Lyz, Trf,
BSA, and Myb as 1.71, 4.36, 11.7 and 17.9 for hemoglobin imprinted SPR

biosensor.

The selectivity coefficients were determined between hemoglobin and Lyz, Trf,
BSA, and Myb as 1.39, 0.57, 1.24 and 2.38 for non-imprinted SPR biosensor as

well.

The relative selectivity coefficients were also calculated as 4.39, 7.65, 9.44 and
7.52 for Lyz, Trf, BSA, and Myb. According to all responses of hemoglobin
imprinted and non-imprinted SPR biosensors, the structural memory and
specificity were only observed in hemoglobin imprinted SPR biosensor due to

the imprinting process.

The protein mixtures were prepared by the same concentrations of Lyz-Hb, Trf-
Hb, BSA-Hb, and Myb-Hb proteins to support selectivity property of the
hemoglobin imprinted SPR biosensor. As demonstrated in Figure 4.34, the
mixture of Lyz and Hb showed the highest response (%AR=5.69) for hemoglobin
imprinted SPR biosensor. The Trf-Hb, BSA-Hb, and Myb-Hb protein mixtures
responses were observed as 3.05, 2.44 and 1.17 for hemoglobin imprinted SPR
biosensor as well. The non-imprinted SPR biosensor was showed less response
with the mixture of Lyz-Hb (%AR=1.89), Trf-Hb (%AR=1.92), BSA-Hb
(%AR=1.31), and Myb-Hb (%AR=1.06).

The reusability analysis of the hemoglobin imprinted SPR biosensor, adsorption-
desorption-regeneration cycles were performed. As seen in Figure 4.35, the
sample solutions were prepared different solutions as 0.05, 0.25, 0.5 and 1.0
mg/mL and then applied to the SPR system consecutively. As indicated, the

responses of the hemoglobin imprinted SPR biosensor was increased.
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The storage stability of the hemoglobin imprinted SPR biosensor was performed
with same hemoglobin concentration (0.1 mg/mL) at different times (0, 3, 27
months). The %AR of the hemoglobin imprinted SPR biosensor was decreased
from 6.42 to 6.33 and the performance loss was only 9% (Figure 4.36) in 27

months.

To prepare portable microfluidic-integrated SPR biosensors surface modification
steps such as EDC/NHS activating, protein G binding, and antibody
immobilization was monitored by recording SPR angle shifts on the resonance

angle as shown in Figure 4.37.

As demonstrated in Figure 4.38-4.44, the increments in hemoglobin solution
concentration resulted in an amplification in SPR angle shifts onto the portable
microfluidic-integrated SPR biosensors. The resonance angle shifts (AA) were
obtained as 0.06-0.36 degree in the SPR curve upon detection of hemoglobin

when 5-250 pg/mL was applied.

The portable microfluidic-integrated SPR biosensor was able to detect
hemoglobin with 98.9% precision for 5-250 ug/mL of hemoglobin concentration
ranges with the y=0.0798In(x)-0.0862 equation (Figure 4.45).

The maximum resonance angle shift (AAmax) was obtained as 0.42 which was
close the experimental data. In addition, association (Ka) and dissociation (Kp)
coefficients were calculated as 0.024 mL/ug and 42.6 pg/mL with high

correlation coefficient (R?>= 0.98) for equilibrium analysis (Figure 4.46).

Considering all calculations and results, Langmuir adsorption isotherm model
provided the fittest adsorption isotherm model to define the interactions between
the portable microfluidic-integrated SPR biosensor and the hemoglobin
molecules (Figure 4.48-4.50). The parameters for all models were presented in
Table 4.5.
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