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ABSTRACT

DEVELOPMENT OF CONDUCTING POLYMER-BASED
FLUORESCENCE ON/OFF BIOSENSOR FOR BIOMOLECULE
ANALYSIS

Sensitive and selective detection of biomolecules and cells is essential for early
diagnosis of diseases, prognosis monitoring, and effective therapy. This thesis aimed to
develop a novel fluorescence ‘‘turn-on/off’” biosensor for biomolecules and cells
detection. In this study, cationic polythiophene derivative poly(1,4-dimethyl-1-(3-((4-
methylthiophen-3-yl)oxy)propyl)piperazin-1-ium bromide) (PT-Pip) was used as an
efficient fluorescence transduction element to discriminate proteins, mammalian cells,
and amino acids for the first time. Initially, pH-dependent spectroscopic
characterization of the PT-Pip was performed to monitor the conformational and optical
changes. The pH sensitivity of the PT—Pip was demonstrated for the first time.
Afterwards, the fluorescence ‘‘turn—off”” phenomena were investigated in detail using
citrate—capped gold nanoparticles as an efficient fluorescence quencher. Further, the
interaction of target analytes such as proteins, mammalian cells, and amino acids with
pre—quenched non—covalent PT-Pip—AuNP complexes was examined. Disruption of the
binding equilibrium between PT-Pip and AuNP by analytes resulted in the selective
displacement of PT—Pip, which generated signal output as a fluorescence ‘‘turn—on’’
mode. Consequently, for the sensitive detection of biomolecules and cells, chemical
tongue sensor arrays were developed utilizing differential sensing approaches. PCA was
used for the statistical evaluation of the multi-dimentional fluorescence response
patterns. As a result, unique fingerprints were rapidly obtained by the direct sensing of
proteins, ratiometric sensing of mammalian cells, and indirect sensing of amino acids.
The combination of a differential sensing strategy with an appropriate multivariate
statistical technique enabled the selective and sensitive detection and identification of

proteins, mammalian cells, and amino acids.

Keywords: Biosensors, Conjugated Polythiophene, Protein Detection, Mammalian Cell

Detection, Amino Acid Detection
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OZET

BIYOMOLEKUL ANALIZi ICIN ILETKEN POLIMER-TEMELLI
FLORESANS ACIK/KAPALI BIYOSENSOR GELISTIRILMESI

Biyomolekiillerin ve hiicrelerin duyarli ve segici tespiti hastaliklarin erken
teshisi, prognozunun izlenmesi ve etkili tedavi i¢in dnemlidir. Bu tez, biyomolekiiller ve
hiicrelerin tespiti i¢in yeni bir floresan 'agma/kapama’ biyosensorii gelistirmeyi
amaglamistir. Bu calismada ilk kez, bir katyonik politiyofen tiirevi olan poly(1,4-
dimethyl-1-(3-((4-methylthiophen-3-yl)oxy)propyl)piperazin-1-ium bromide) (PT—Pip),
proteinleri, memeli hiicrelerini ve amino asitleri ayirt etmek icgin etkili bir floresan
transdiiksiyon eleman1 olarak kullanildi. Baglangigta, konformasyonel ve optik
degisiklikleri izlemek i¢in PT—Pip'in pH'a bagl spektroskopik karakterizasyonu yapildi.
PT-Pip’in pH duyarlilig1 ilk kez gosterildi. Daha sonra, floresan ‘‘kapanma’’ fenomeni,
verimli bir floresan sondiiriicii olarak sitrat—baslikli altin nanopargaciklar kullanilarak
ayrintili olarak arastirildi. Ayrica, proteinler, memeli hiicreleri ve amino asitler gibi
hedef analitlerin 6nceden—sondiiriilmiis kovalent olmayan PT—Pip—AuNP kompleksleri
ile etkillesimi incelendi. Analitler tarafindan PT—Pip ve AuNP arasindaki baglanma
dengesinin bozulmasi, bir floresan ‘‘agma’” modu olarak sinyal ¢iktis1 lireten PT-Pip'in
secici yer degistirmesiyle sonuglandi. Sonug olarak, biyomolekiililerin ve hiicrelerin
hassas tespiti i¢in diferansiyel algilama yaklagimlarini kullanan kimyasal burun/dil
sensor dizileri gelistirilmistir. Cok boyutlu floresan yanit paternlerinin istatistiksel
olarak degerlendirilmesi i¢in PCA kullanildi. Sonu¢ olarak, proteinin dogrudan
algilanmasi, memeli hiicrelerinin oransal algilanmasi ve amino asitlerin dolayli olarak
algilanmasiyla benzersiz parmak izleri hizla elde edildi. Diferansiyel algilama
stratejisinin uygun bir ¢ok degiskenli istatistiksel teknikle kombinasyonu, proteinlerin,
memeli hiicrelerinin ve amino asitlerin se¢ici ve hassas tespiti ve tanimlanmasin

sagladi.

Anahtar Kelimeler: Biyosensorler, Konjuge Politiyofen, Protein Deteksiyonu, Memeli

Hiicre Deteksiyonu, Amino asit Deteksiyonu
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CHAPTER 1

INTRODUCTION

1.1. Sensors

The most commonly used and generalized definition of a sensor is "A device
that receives a stimulus and responds with an electrical signal".! The transducer and
analog to digital converter (A/D converter) are two primary components of typical
sensors. Sensors detect physical variables such as temperature, pressure, mass, light, etc.
Transducers are responsible for converting these variables into analog signals.” The
analog signals should be converted to digital signals by the A/D converter before
transferring to a computer.® The essential components of typical sensors are

summarized in Figure 1.
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Figure 1. Basic components of a typical sensor.?

Many sensor classification criteria have been given in the literature. Based on
the recognition elements, one can divide sensors into two subclasses. The first class is
chemosensors, which have recognition molecules of non—biological origin that respond
to target analytes.* The second class is biosensors with a sensing element of biological
origin or biomimetic materials that respond to target analytes.” Among these sensor

classes, biosensors are of great interest especially in medical diagnostics, drug



development, environmental monitoring, chemical and biological terrorism, and food

quality control applications.®

1.2. Biosensors

A general definition of a biosensor is ‘‘a device that measures biological or
chemical reactions by generating signals proportional to the concentration of an analyte
in the reaction™”.’

Biosensors are mainly used for drug discovery; clinical diagnostics; soil, air, and

water monitoring; food quality control; prosthetic devices; etc.’

Bioreceptors,
transducers, electronics, and display parts are the main components of biosensors as

given in Figure 2.
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Figure 2. Main components of biosensors.’

The recognition element and transducer are two essential components for
sensing. Recognition elements can be of biological origin, such as cells, tissues,
enzymes, nucleic acids, etc.’; of biologically derived origin, such as aptamers and
recombinant proteins; or biomimetic materials, such as molecularly imprinted polymers
or synthetic receptors, etc.” These recognition elements are integrated within a
transducer element® and are utilized to detect simple biochemical compounds, such as
glucose or ammonia, or complex biological microorganisms such as viruses, bacteria,

and mammalian cells.%!°
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Figure 3. Classification of biosensors based on transducing and biorecognition
elements.'”

In recent years, nanomaterials were commonly classified under the class of
bioreceptors due to their outstanding signal transducing properties and increasing usage
in biosensing applications.'!

The second important component of biosensors is the transducing element,
called the ‘‘transducer’’, which converts the energy of the signal from one form to
another. Based on transducing elements, biosensors can be divided into three subgroups:
optical biosensors, mass—based biosensors, and electrochemical biosensors, as shown in

Figure 3.

1.2.1. Biorecognition Elements (Bioreceptors)

A biorecognition element is a receptor utilizing biochemical interactions to
detect analytes. The most commonly used bioreceptors in biosensors are cells, DNA,
enzymes, and antibodies.'?

The living cells used as biorecognition elements can qualitatively and
quantitatively analyze multiple analytes simultaneously without effort and expense. The
required enzymes and other biomolecules are readily present in the native surroundings
of these cells. Therefore, cell bioreceptors recognize analytes of interest with optimal

activity and high specificity.!* Various cells with different origins can be used as



bioreceptors, such as microbial cells (bacteria, fungi, algae, and yeast) and higher
eukaryotic cells (fish, rat, and human cells).!* While biosensors utilizing microbial cells
are commonly used to monitor water quality, higher eukaryotic cells are generally used
to monitor cellular functions, and disease development.

Nucleic acids can also be used as biorecognition elements. For instance, DNA
with specific genomic sequences was immobilized in the biologically active layer of
biosensors and used as a nucleic acid-based biorecognition element.'* DNA-based
biosensors (genosensors) are utilized for analyzing genomic sequences, investigating
oxidative damage on DNA, and revealing specific interactions between DNA and
molecules or ions. The application areas of DNA-based biosensors have expanded
considerably, now including clinical diagnosis, medical research, food safety analysis,
and environmental monitoring. Reliable results can be obtained quickly without high
cost.!3

Meanwhile, enzymes’ catalytic activity and specific binding properties make
them useful biorecognition elements for enzyme-based biosensors. To detect target
molecules, appropriate enzymes are utilized to develop robust biosensors, such as
fructose dehydrogenase for fructose detection or glucose dehydrogenase for glucose
detection. Although high specificity can be obtained by enzyme—based biosensors, the
short lifetime of enzyme receptors is these biosensors’ main drawback.'®

Antibodies are widely used as bioreceptors due to their excellent selectivity to
antigens. In antibody—based biosensors (immunosensors), antibodies are immobilized
onto transducer surfaces to allow highly sensitive and selective detection of target
analytes such as diagnostic biomarkers, harmful substances in food, environmental
contaminants, biological terrorism agents, illicit drugs such as cocaine and heroin, etc.!”
Besides, the integration of antibodies into biosensors enables the development of in vivo
biosensors, which are used for monitoring analytes continuously in biological media.'®

In recent years, many biosensors have utilized ‘‘biomimetic’’ components as
recognition elements imitating their biological analogues. These biomimetic
components detect specific analytes via host—guest chemistry.!” Biomimetic receptors
provide highly selective and sensitive recognition of target molecules due to their well—
characterized biomolecular mechanisms, such as enzyme-—substrate interactions.
Molecularly and ion—imprinted polymers and synthetic polymers are the most
commonly used biomimetic materials due to their ease of synthesis and ability to be

integrated within many different sensing strategies.?



1.2.2. Transducing Elements (Transducer)

Transducers are essential components of biosensors that convert the interaction
between the analyte and the bioreceptor into a measurable signal. The signal is
proportional to the biorecognition events. This energy convertion is known as
‘‘signalization’’.” Based on transducing elements, biosensors can be classified into three
subgroups, as seen in Figure 3. The first group is mass—based biosensors, including
piezoelectric, magneto—elastic, quartz crystal microbalance (QCM), and surface
acoustic wave (SAW) biosensors. The second group is electrochemical biosensors,
including amperometric, potentiometric, impedimetric, and conductometric
measurements. The third group is optical biosensors, such as surface plasmon resonance
(SPR), fiber optic, raman, and fourier transform infrared spectrophotometers (FTIR).

The following section explains optical biosensors in detail.

1.3. Optical Biosensors

An optical biosensor is an analytical device containing biosensing elements
integrated with an optical transducer. It is the most commonly preferred tool for the
analysis of biomolecular interactions.!! Bioreceptors identify chemical and biological

analytes by creating optically measurable signals, as shown in Figure 4.
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Figure 4. Main components of optical biosensors.'!



Optically measurable signals can be obtained by the change of phase, intensity,
and frequency or polarization of the incident light. These alterations result from the
physiological or chemical interactions between the biorecognition element and the
analyte. Differences in the absorption or reflection cause amplitude variation, which
then affects the intensity of light. Frequency changes in biological sensing events utilize

fluorescence, Raman scattering, or frequency shift®, as shown in Figure 5.
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Figure 5. Optical changes used in biosensing applications.®

Optical biosensors utilize two modes: label-based and label—free. In label-based
modes, label molecules permanently or temporarily interact with analytes. These
interactions change their intrinsic properties. Conversely, in label-free modes,
physicochemical properties such as charge, refractive index, and molecular weight
(MW) are utilized for the detection of analytes.?! In label—free biosensors, the molecular
interactions between the biorecognition element and the analyte are converted into an
optical, mechanical, or electrical signal. These signals can be detected without labels.

Optical biosensors have some advantages over conventional analytical methods.
For instance, optical biosensors allow selective, specific, fast, and real-time
measurement with remote sensing features. Optical components of these biosensors can
be chosen for biocompatibility requirements as well. These biosensors also have

compact designs and minimal invasiveness for in —vivo measurement.®



1.4. Sensing Approaches In Biosensors

Based on sensing techniques, biosensors can be divided into two categories: The
first one is the ‘‘lock—and-key’’” methodology utilizing classical chemosensing
approaches. The second one is the differential sensing method, which is an alternative

method to classical chemosensing techniques.??

1.4.1. Lock And Key Models

The lock—and—key model is long—established method depending on the detection
of the target molecules by receptors. These detections are highly specific and selective
to a single analyte and identify no other species (one sensor—one analyte technique)®>**,
as shown in Figure 6. This conventional analogy explains the specific enzymatic
reactions (enzyme—substrate interaction). Scientists also have used this principle to

design synthetic biosensors for many years.
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Figure 6. Classical chemosensing *‘lock—and—key’’ principle.??

The most common biosensors that utilize the one sensor—one analyte technique
are blood glucose meters used by diabetics®> and pregnancy tests?®. Although lock—and—
key methods are beneficial and advanced, they cannot be useful for simultaneous
detection of multiple analytes. In recent years, researchers have focused on differential
sensing techniques that mimic the nature of the biological olfactory and gustation

systems for molecular recognition.?’” These sensing models allow monitoring of multiple



biomarkers simultaneously by an array of recognition elements and create a

multidimensional response for each biomarker.?
1.4.2. Differential Sensing Models

Differential sensing is a universal technique that is an alternative to the classical
“‘lock and key’’ analogy. In differential sensing models, a single biorecognition element
does not have to bind to a single target specifically. In contrast, the biorecognition
element is supposed to interact with multiple analytes with different affinities, as this
clement is "generalized" rather than "specialized".?’” This multiple analyte sensing
method mimics the mammalian olfactory and gustatory systems by using cross—reactive
receptors that interact unselectively and differentially with target analytes.?* Therefore,
this sensing architecture is called a ‘‘chemical nose/tongue strategy’’.?? As a result,
multi dimensional sensor outputs give a unique fingerprint for a single analyte or
multiple analytes 2% , as shown in Figure 7. The multi-dimensional sensor results of
cross—reactive sensor elements can be analyzed by multivariate statistical techniques,
such as linear discriminant analysis (LDA) and principal component analysis (PCA).?
The combination of differential sensing methods with an appropriate statistical analysis
allows the identification of biological analytes such as proteins?’, carbohydrates®,

amino acids®' , microorganisms*?, mammalian cells*, etc.
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Figure 7. Schematic representation of differential sensing methods for single— or
multiple—analyte detection by multiple sensor elements.?>*
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1.5. Biomolecule and Cell Identification

The term “‘biomolecules’” refers to macromolecules and small molecules found
in living organisms, as shown in Figure 8. The macromolecules can be proteins, lipids,
carbohydrates, and nucleic acids. Small molecules can be primary metabolites and
natural products. Analysis of biomolecules is an essential issue, as some biomolecules
are used as biomarkers in various applications.?

In literature, the general definition of a biomarker is "a characteristic that is
objectively measured and evaluated as an indicator of normal biological processes,
pathogenic processes, or pharmacologic responses to a therapeutic intervention".>®
Biomarkers are utilized in many fields, such as environmental monitoring®’, drug
development®®, food safety analysis*, and diagnostic purposes*’. Macromolecules such
as nucleic acids>*!, proteins*’, and carbohydrates®’; pathogens such as viruses and
bacteria**; and mammalian cells*® are used as promising biomarkers for disease

detection and treatment.*°

Figure 8. Classification of biomolecules found in living organisms

1.5.1. Protein Detection and Identification

Several biomarkers are used for environmental monitoring, drug development,
food safety analysis, and medical purposes. Figure 9. shows the biomarkers’
classification. Among these biomarkers, proteins are of great interest. These biomarkers
influence the molecular pathways in cells and are more relevant to disease initiation and

progression than nucleic acid-based biomarkers.*®

small molecules Enzymes DNA RNA Cancer cells

Figure 9. Biomarker classification



The presence and absence of proteins, the concentration fluctuations in
biological samples, and the misfolding and aggregation occurring in protein structures
are used as protein—based biological indicators for human health. Sensitive, accurate,
and precise protein detection methods, especially with low concentrations in biological
samples, are crucial for the early detection of several diseases and successful treatment
of patients. However, proteins have complex 3D structures and exist in low
concentrations in biological media. Therefore, the detection of protein biomarkers
becomes challenging.

For many years, the detection and identification of proteins have been achieved
by conventional assays:*’ such as Coomassie, Bradford*, biuret*’, Lowry®, and
ELISA®!. These methods have their own advantages and drawbacks. The common
obstacles of these conventional methods are the need for calibration, structural variety,
impurities, and the requirement of technicians.’> In recent years, apart from these
conventional methods, researchers developed various biosensors for protein detection

that offer more advantages, such as measurement speed, cost—effectiveness, portability,

ease of usage, and serial fabrication.™

1.5.2. Mammalian Cell Detection and Identification

The cell is the fundamental unit of a living organism. Distinguishing diseased
cells from normal cells is crucial for the early diagnosis of some deadly diseases, such
as cancer.>* In recent years, early detection of cancerous or metastatic cells has become
the center of cancer research. Cancer became the second—leading cause of death®-¢ and
10.0 million people died because of cancer in 2020.%’

For early diagnosis, numerous invasive and non—invasive methods are used as
standard procedures, such as electrocardiograms, bronchoscopy, and tissue biopsy.
Although these procedures are widely used in the early detection of diseases, they are
also painful and dangerous for patients.’® Besides these operational techniques,
laboratory diagnosis techniques such as cell culture methods (histopathology),
analytical biochemistry assays (ELISA), parallel and deep sequencing approaches
(next—generation sequencing), and amplification techniques (PCR) are also utilized for
biomarker detection. Although these laboratory methods can be used to examine

multiple samples simultaneously, they require multi—step and complex protocols, time—
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consuming experimental steps, high sample volumes, equipped laboratories, and
technicians.>® Moreover, the detection of the intracellular and extracellular biomarkers
used in these requires previous knowledge.*>*! Unfortunately, not all cancer cells
express apparent biomarkers to enable the detection of the subtle changes between
normal and cancerous cells.>® Therefore, investigation of cellular signatures by
differential analysis**®" displays the properties of cells more precisely than target—
specific approaches.®  Polymerase chain reaction PCR®, two—dimensional
electrophoresis (2-DE) with mass spectrometry (MS) %, and Raman spectroscopy %
have also been used to obtain the cellular fingerprints arising from altered
physicochemical features of cells. However, instrumentation complexity and time—
consuming experimental procedures limit their usage for clinical purposes.

The electrical charge of cell surfaces and potential differences between the
biological membrane and surrounding solution are essential markers for monitoring the
cellular state. The phospholipid and receptor profiles of the cell membrane significantly
influence the charge of the plasma membrane. The inner leaflet of healthy cells has a
negative net charge due to the presence of anionic phospholipids. The outer leaflet of
the membrane only consists of zwitterionic phospholipids, neutral phospholipids®’, and
membrane cholesterols. Phospholipids asymmetrically localize between the two leaflets
in healthy cells.®*%® Contrarily, cancer cells cannot maintain the asymmetric
distribution of phosphatidylserine, an anionic phospholipid.®® Therefore, compared to
normal eukaryotic cells, the membrane of cancer cells has more negatively charged
components exposed on the outer membrane leaflet’®’!, as shown in Figure 10.
Moreover, lipid composition differs not only between healthy cells and cancer cells but
also between different types of cells. The phospholipid compositions are characteristics

of specific cell types.

11



Normal cell membrane Cancer cell membrane

pHe 7.3-7.4 pHe 6.2-6.9

Figure 10. Lipid composition and extracellular pH of normal cell membrane and cancer
cell membrane.”

The high concentration of sialic acid in the membrane of cancer cells and
increased lactic acid secretion due to high—speed glycolysis are other reasons explaining
the enhanced negative charges of the cancer cell membrane.”>"

Cell surface phenotypic and physicochemical signatures arise from the
differences of cell membrane surfaces. These differences allow rapid and simple
detection and identification of cancer types compared to intracellular signatures. The
phenotyping investigations do not need any additional experimental steps, such as
extraction of some specific macromolecules, etc.”® Therefore, studies are focusing on
phenotyping surface properties to distinguish normal cells from diseased ones.>>*>77

Among biosensors that offer rapid, stable, selective, and sensitive detection’®,
optical biosensors are widely used due to their sensitive and quick response.”” Various
optical biosensors have been developed to sense overall cell surface physicochemical

properties to distinguish cancerous cells from healthy cells.?34>80

1.5.3. Amino Acid Detection and Identification

An amino acid is defined as an organic compound consisting of an amino and
carboxylic acid group attached to an o—carbon (central carbon) and a distinctive R
(radical) group (also called pendant groups) in the side chain. Peptides, proteins,

enzymes, and hormones are polymerized forms of these essential substrates.’!
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Moreover, amino acids are fundamental bioactive molecules that play crucial roles in
energy regulation, metabolic processes, and signaling pathways.®> Among 500 naturally
occurring amino acids identified to date®®, only 22 of them are proteinogenic (natural)
amino acids. The proteinogenic amino acids are incorporated into protein formation in
the translation process. Except for selenocysteine and pyrrolysine, the other 20
proteinogenic amino acids are encoded by a universal genetic code on DNA.

The 20 proteinogenic amino acids are classified according to their side chains
attached to the o—carbon. These side chains have unique structures according to their
sizes and shapes, hydrophobic and hydrophilic properties, and reactivity.®> According to
the form, side chains can be classified as cyclic (such as L—proline), non—cyclic (such as
L—valine), branched (such as L-leucine), and non-branched (such as L-alanine).
According to their atomic composition, amino acids can be clustered in to two
subgroups: aliphatic amino acids and non-aliphatic amino acids. The side chains of
aliphatic amino acids consist of hydrogen and carbon atoms. Non—aliphatic amino acids
can contain either nitrogen, oxygen, or sulfur in their pendant chains.®® In Figure 11,

these 20 proteinogenic amino acids are classified in detail according to their side chains.
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Figure 11. Classification of 20 proteinogenic amino acids via Venn diagram
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Amino acids in bodily fluids are used as essential biomarkers for various
diseases, such as Alzheimer’s disease and pancreatitis.*”-3® Moreover, amino acid
sensing also plays a crucial role in nutritional analysis.?’

Generally, the detection and identification of natural amino acids are difficult to
achieve. They have similar molecular structures as the only difference between amino
acids is in the —R group. There are numerous conventional methods for amino acid
detection, such as chromatographic, electrochemical and spectrophotometric methods.
These traditional techniques are not cost—effective and require technicians.?’ Besides,
these methods are specific to certain amino acids, as they only recognize amino acids
with specific —R groups such as L—cysteine, L-histidine, and L-aspartic acid.%’ The
detection and identification of amino acids that do not have particular —R groups such as
L-alanine and L—valine are still challenging.”® Moreover, a single amino acid level is
insufficient for diagnosis. To enhance the accuracy of diagnostic tools, simultaneous
analysis of multiple amino acids, especially the detection of the 20 amino acids in one
test-bed, is required.®® Therefore, studies are focused on developing biosensors that use
cross—reactive sensor elements to detect and identify the 20 amino acids

simultaneously.?!-88:8

1.6. Conjugated Polymers in Sensor Applications

Conjugated polymers have attracted great attention in sensor studies as they
have unique and unusual optical and electrical properties.”! Alternating single and
double bonds exist along the polymeric chain axis. The conjugation on the polymeric
backbone provides a delocalized electronic structure over the entire chain.””> The
delocalized m—electrons generate m—bands and are responsible for the strong light
absorption in the UV—visible region.”® The polymers exhibit excellent light harvesting
and semiconducting natures due to the energy gap between empty and filled n—bands.
Conjugated polymers have two necessary compartments: the first one is the polymeric
backbone, and the second one is functional side chains.’* Different types of polymeric
backbones are shown in Figure 12. Modifications of the conjugated polymer's side chain
by various functional groups enhance the sensitivity of these polymers to target

analytes, which is very desirable for sensing applications.
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Figure 12. Structures of certain conjugated polymers.”

Conjugated polymers have become research hotspots in various fields such as
photovoltaic cells’, optoelectronic devices’’, and chemical®® and biological sensing
applications” due to their outstanding optical and electronic properties.'*®!°! The use of
conjugated polymers in biosensor development is an emerging field, as the detection of
small quantities of molecules can be achieved by these stimuli-responsive polymers.!%
Conjugated polymers can be utilized as an optical probe in colorimetric, fluorometric,
and fluorescence quenching—based assays.”® Multiple recognition units can be
introduced on a polymer backbone or pendant groups due to the molecular wire effect
of conjugated polymers.'® An analyte binding to single recognition unit creates
collective responses from multiple sensor sites, as shown in Figure 13. This signal
amplification leads to more sensitive detection of target analytes compared to single—

molecule counterparts.
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Figure 13. Characteristic responses of conjugated polymer and small molecule to target
analyte



1.7. Conjugated Polythiophene

Polythiophene (PT) is a polymerized form of thiophene’s heterocycles and has a
conjugated sp? hybridized backbone.!® The electrical and chemical structures of PT
significantly affect its optical properties. Overlapping bonding molecular orbitals ()
with lower energy—forming valence bands are called the highest occupied molecular
orbital (HOMO). Overlapping antibonding molecular orbitals (n*) with higher energy—
forming conduction bands are called the lowest unoccupied molecular orbital (LUMO).
These orbitals create an energy gap that is defined by the energy differences between
HOMO and LUMO. The monomer number of PT significantly influences the
conjugation length of the polymer, the delocalized electronic structure, and the band
gaps. For instance, when the number of monomers increases, the conjugation length
increases concomitantly. This results in the formation of a delocalized electronic

105

structure with lower band gaps and enhanced conductivity, > as shown in Figure 14.
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Figure 14. Band structure diagram of PT as a function of monomer units.'%
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Besides the number of monomers, the optoelectronic properties of PT can be
tuned by doping. Doping decreases band gap and increases conductivity.!®* The light
absorption of PT in the UV—visible region is strongly influenced by the n—n* transition
from HOMO to LUMO and the stabilization and transportation of charge carriers by
doping.”® Therefore, the © electrons determining the band structure strongly influence
the optical properties of PT. These tunable optical properties of PT have made this
polymer an essential material for various applications.

The conformation of the polymeric backbone and the photo physical properties
of PT are sensitive to external stimuli, such as temperature, pH values, electric field,
solvent types, and introduction of target molecules which are essential for sensing
applications.!”” Moreover, PTs are highly desirable and widely used materials'®® due to
their thermal, chemical, and electrochemical stability and low—cost synthesis as well.!’!

Neutral conjugated polymers have some drawbacks in processing, such as
insolubility and infusibility. Large counter—ions’ incorporation or side chain attachment
can overcome these limitations.”® Besides these advantages, side chain attachment to the
backbone of PT also lead to the production of PT derivatives and provides specific
recognition units for sensing applications.'%

Maynor et al. developed a sensor array using carboxylate functionalised PT
derivative as a cross—reactive sensor element to detect soft divalent metal ions (Co?",
Cu?* and Ni?").!'" This anionic PT derivative was aggregated upon addition of
polyvalent metal ions. Competitive ligand addition (o,0—diamines) caused
disaggregation of the polymer. PT derivative that was aggregated by different metal
ions displayed different dissociation behavior upon addition of ligands. After the PT—
metal aggregates were dissociated by a competitive ligand, unique colorimetric
fingerprints were obtained for each PT-metal-ligand complex, which allowed sensitive
and selective detection of metal ions.

In recent years, the superior optical, electronic and solubility properties of
water—soluble cationic PT derivatives have drawn much attention'”” in biosensor
development to detect and identify small molecules and anionic biomolecules, such as
DNA, RNA, proteins, etc.''®!"! Introducing negatively charged macromolecules or
anions to water—soluble cationic PT derivatives induces conformational changes on the
polymer backbone and significantly affects interchain or intrachain interactions. These

alterations can be monitored by the naked eye with UV—irradiation or under sunlight.''?
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The optical detection of iodine, a biologically important anions, via water
soluble cationic poly(3—alkoxy—4—methylthiophene) was achieved by Ho et al.''* This
polymer showed high selectivity for I among various anions such as F~, CI", Br-, CO3*"
, HCOs~, HoPO4~, HPO4?>", CH3COO~, EDTA*, SO4>", and (CeHs)4B. The fluorescence
of PT derivative was decreased gradually by I addition. This fluorescence decrement
was more distinct than that of other anions. Electrostatic interaction between cationic
PT derivative and iodine enables selective fluorometric and colorimetric determination

of I, as shown in Figure 15.
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Figure 15. (a) Photograph of PT solutions of PT, PT + NaF, PT + NaCl, PT + NaBr and
PT+ Nal; (b) photograph of PT solutions after 4 days; (c) absorbance
spectra of PT solution in photograph.'!3

A facile method for the aluminum ion (AI**) detection in drinking water has

1.1"* A water soluble cationic PT copolymer was utilized as a

been proposed by Tu et a
fluorescence source. Complexation between PT copolymer with the charge
complementary ATP resulted in the fluorescence quenching (15 % of initial
fluorescence intensity) and color transition (from yellow to purple). This electrostatic
self-assembly was disrupted by aluminum ion (Al**) a trivalent metal ion, due to the
strong affinity between Al** and negatively charged ATP. The complexation between
AI** and ATP liberated PT copolymer, induced the fluorescence recovery and color
transition (from purple to yellow). The visual color change was evidence for 4 pM Al**
in tap water, which is below the threshold according to European Economic Community

(EEC) standards. This colorimetric naked-eye assay enables the sensitive and selective

indirect detection of Al**in tap water.
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Determination of biocompounds was also achieved by cationic PT derivatives.
Liu et al. presented a colorimetric assay for thrombin detection.''> The cationic PT
derivative  poly[3—(3'-N,N,N—triethylamino—1"—propyloxy)—4-methyl-2,5-thiophene
hydrochloride] was used as a catalyzer of the oxidation reaction between 3,3',5,5'-
tetramethylbenzidine (TMB) and H20.. After oxidation, the color of the solution
became blue. The addition of thrombin-binding aptamer (TBA) enhanced the
absorbance of TMB-H20:z. Introducing thrombin decreased the catalytic activity of PT
derivative and reduced the absorbance by interacting with TBA. This colorimetric
sensing mechanism detected thrombin with high selectivity in the presence of other
proteins.

In another study, the water soluble cationic PT derivative (PTQ) was used as a
fluorescence reporter for real-time determination of p97/VCP (a member of AAA—
ATPase family) activity by Yildiz et al.''® Initially, complexation between poly PTQ
and ATP induced planarization of polymeric backbone, which triggers the aggregation
of poly PTQ chains leading to fluorescence quenching. In contrast to ATP, ADP caused
less planarization, less aggregation, and less fluorescence quenching. These two
different fluorogenic responses were utilized to monitor the ATP—ADP conversion. In
this assay, the upon addition of p97/VCP to the pre—quenched poly PTQ-ATP complex
florescence recovery was observed due to the consumption of ATP by the p97/VCP.
These fluorescence alterations were directly proportional to the conversion of ATP to
ADP, which enabled real-time monitoring of the ATP hydrolysis by ATPase.
Moreover, the convertion of ATP to ADP was detectable by naked eye due to the color
transition from pink—red to yellow.

Cationic PT derivatives are also essential for nucleic acid sensing approaches.
Rubio Magnieto et al. developed DNA hybridization biosensor using cationic poly[3—
(60—(trimethylphosphonium)hexyl)thiophene-2,5-diyl] (PP).''” The self-assembly of
DNA and PP was studied. The ssDNA—PP constructs have chiroptical signatures in the
absorption region of the PP derivative. These signatures were highly influenced by
various sSDNA sequences due to the different interactions between individual thiophene
monomers and nucleobases and were specific to DNA sequence, length, and topology.
This study indicated that the cationic PP could be used in DNA hybridization
biosensors.

Rajwar et al. developed a colorimetric assay for the detetction of microRNA

(miRNA) in human plasma by using water—soluble cationic thiophene copolymers as
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reporters.''® The mir21, a miRNA sequence related to the lung cancer, was utilized as a
target sequence (Tseq). Following the complexation of PT with the peptide nucleic acid
sequence (PNA), which was complementary to the mir21, PT-PNA complex produce
distinguishable colorimetric response due to the PT-PNA-Tseq triplexes formation.
This colorimetric responses were more pronounced compared to that of
PT-PNA—NCseq (noncomplementary sequence) or PT-Tseq/NCseq complexes. This
colorimetric assay depended on the color transition of PT upon introducing Tseq or
NCseq in the absence or presence of PNA. In the absence of PNA, weak fluorescent
PT-Tseq/NCseq complexes were observed. In the presence of PNA, the PT-PNA-Tseq
complex produced high fluorescence signal. These different signals enabled the
detection of mir21 in human plasma, with a detection limit of 10 nM.

Ammanath et al. evolved this colorimetric nucleic acid detection method from
solution—based assay to membrane—based assay to detect mir21 and hepatitis B viriis
DNA in plasma.!' In this flow—through colorimetric assay, poly—(vinylidene fluoride)
(PVDF) was used as a membrane and cationic poly (3—alkoxy—4—methylthiophene) was
used as an optical transducing element. Similar nucleic acid sensing strategy was
utilized, and the two biomarkers; mir21 and hepatitis B virus DNA were succesfully
detected in DI water and plasma at nanomolar concentration.

Yucel et al. combined a nonamplification-based nucleic acid assay with the
polymerase chain reaction (PCR) for the detection of SNP biomarker of Familial
Mediterranean Fever (FMF).!?° This sensing arthitecture relied on the hybridization of
primer to the complementary sequences of DNA and a fluorometric method. In this
methodolgy, the wild—type (WT) and mutant-type (MT) primers were introduced to the
DNA individually at their melting temperatures. While the wild—type primer was
strongly bind to the homozygous wild DNA, the mutant-type primer could not
hybridize to the homozygous wild DNA. After precipitation of DNA, the supernatants
were obtained for fluorometric examination. The supernatant of the former sample
contained less amount of wild-type primer while the supernatant of the latter sample
had more mutant—type primer. The fluorescence study revealed that in the presence of
unbound primers, the significant bathochromic shift of fluorescence maximum was
observed (from 525 to 580nm) due to the conformational change in the polymeric
backbone, which is correlated with the binding affinity of primers to the DNA. The
diagnostic potential of this assay was demonstrated for FMF, and provided distinct

separation of healthy and patient individuals.
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In recent years, biosensors have utilized fluorescence "turn on/off" approaches,
as the fluorescence ‘‘turn on’’ mechanism is more sensitive than the ‘‘turn off’’
mechanism due to its high signal-to—background ratio, low LOD, and enhanced
sensitivity.'?! In these turn "on/off" approaches, initial fluorescence can be reduced by
quencher molecules and recovered by adding analyte. This sensing mechanism using

the conjugated polymers is explained in the following section.

1.8. Fluorescence Quenching by Gold Nanoparticles

In the last decade, nanoscience has been developed as an alternative to
traditional methods. It has been widely used in drug delivery, bio imaging and
biosensing applications. Metals such as gold, silver, and copper are valuable candidates
for nano probes. The unique optical properties, large surface—to—volume ratio, variable
surface functionalities, and size— and shape—dependent optoelectrical properties make
AuNPs (gold nanoparticles) an essential material for biosensing, drug delivery, and

bioimaging applications, as shown in Figure 16.

Imaging

Figure 16. Common applications of AuNPs.!?

In biosensing applications, two important properties of gold nanoparticles are
utilized: the first one is SPR, and the second one is its fluorescence quenching ability.
The SPR band results from the oscillation of the surface conduction electron of gold
nanoparticles, which arises from resonant excitation by the electromagnetic radiation of

incident light as'?*, , shown in Figure 17.
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Figure 17. Oscillation of conduction electrons of AuNPs by incident light.'*?

Depending on the size of the spherical gold nanoparticles, the color and SPR
peaks can vary from brown to purple and from 500 nm to 550 nm, respectively.
Aggregation of colloidal gold nanoparticles causes red shifts in the SPR peak and
changes the color of the solution from red to purple, which arises from interparticle
plasmon coupling.'?? The aggregation and disaggregation of gold nanoparticles are
mainly utilized for colorimetric sensing of molecules. Introducing molecules to gold
nanoparticle solution induces aggregation/disaggregation and changes the color of the
solution which are detectable by the naked eyes.

Gold nanoparticles possess an excellent fluorescence quenching ability which is
very useful for sensing applications requiring fluorescence manipulation. Fluorescence
resonance energy transfer (FRET) occurs when the emission of fluorophores and the
SPR band of gold nanoparticles overlapp. This spectral overlap results in fluorescence
quenching of fluorophores. The non—covalent conjugation of gold nanoparticles and
fluorophores is widely used in fluorescence ‘‘turn on/off’’—based sensing applications.

This pre—quenched complex is selectively disrupted by analyte addition.

1.9. Literature Survey of Fluorescence Turn on/off Sensing

Conjugated polymers are able to couple to more than one analyte with different
affinities due to electrostatic, hydrophobic, or hydrophilic interaction. Therefore, these
polymers become excellent recognition elements in differential sensing applications.
Fluorescence conjugated polymers can be used individually as sensor elements’! or

together with the quencher molecules.*? In the literature, polymer—quencher constructs
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have been widely used to develop chemical nose/tongue sensor arrays using a
fluorescence ‘‘turn on/off’’ sensing mechanism. In these sensor arrays, fluorescence
quenchers are utilized to reduce the fluorescence of the polymer, which is called the
fluorescence ‘‘turn off”’ mode.'** Adding analytes disrupts this polymer—quencher
complexation through competitive binding. Selective displacement of the polymer
results in complete or partial fluorescence recovery, which is called fluorescence ‘turn
on’> mode. Fluorescence response patterns for each analyte were analyzed via
multivariate statistical techniques such as PCA and LDA.

Kong et al. developed a nanomaterial—assisted chemiluminescence—based sensor
to identify 12 common proteins with three different concentrations and 12 types of
human cell lines containing healty, cancerous, and metastatic cells.!* The collective
responses obtained by this sensor array created a unique pattern for each analyte.
Statistical analysis of these patterns was carried out by LDA. Twelve proteins could be
classified successfully.

You et al. created a chemical ‘‘nose’’ sensor array to identify seven proteins by
using six differently functionalized cationic nanoparticles as fluorescence quencher
molecules and an anionic poly(p—phenyleneethynylene) (PPE) as a fluorescence
source.'?¢ Initially, the fluorescence of polymer was quenched by the nanoparticles. The
addition of protein analyte disrupted the pre—quenched nanoparticle-polymer
complexation. The fluorescence polymer was released to the solution phase and
regained its fluorescence. The interaction between proteins and nanoparticles depends
on the MW and isoelectric point (pl) of proteins. The competitive binding of polymer
and proteins to the nanoparticles created distinct fluorescence patterns for each protein,
as shown in Figure 18. These multidimentional fluorogenic responses were statistically
evaluated by linear discriminant analysis (LDA). Seven proteins were successfully

identified by this fluorescence—based sensor array.
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Figure 18. Fluorophore displacement of sensor array; fluorescence turn on/off behavior
as a result of competitive binding of polymer and protein to nanoparticles.'?°

De et al. created a sensor array using similar sensing mechanism to the
previously developed by the You et al. to discriminate 5 human serum protein (human
serum albumin, immunoglobulin G, transferrin, fibrinogen and a—antitrypsin) in buffer
and in human serum.!'”” Green fluorescent protein (GFP) was used instead of
fluorescence polymer. Initially, the fluorescence of anionic GFP was quenched by the
cationic AuNP. In the presence of analyte, the fluorescence of GFP was modulated
depending on the binding affinity of analyte towards AuNP and GFP. In these sensor
array, proteins were detected according to their physicochemical properties, such as
MW and pl. The fluorogenic responses of proteins were statistically evaluated by LDA.
The combination of sensor array and LDA enabled the identification of five human

serum proteins with various concentration, as shown in Figure 19.
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Figure 19. Fluorescence—based sensor array; fluorescence turn on/off approach and
fluorescence response pattern created by protein addition.'?’

Bajaj et al. developed an array—based sensing system with a nanoparticle—
fluorescence polymer to differentiate normal, cancerous, and metastatic cells as well as
isogenic cells.* Initially, the fluorescence of the anionic polymer (PPE-CO:2) was
quenched by cationic nanoparticles. Upon addition of analyte, the competitive binding
of cell surfaces and the polymer to nanoparticles disrupted the polymer—nanoparticle
conjugation. The polymer regained fluorescence after being released into the solution.
Differential interaction of different cell lines created a unique florescence response for
each cell line. These fluorogenic responses were then analyzed by LDA, and unique
fingerprint for each analyte was obtained. Therefore, different cell types; normal,
cancerous, and metastatic human breast cells; and isogenic normal, cancerous and

metastatic murine epithelial cell lines were successfully discriminated.

25



The same group developed a sensor array utilizing similar sensing mechanism to
the previously developed sensor array. However, GFP was used instead of conjugated
polymers to decrease the sensor array’s detection limit (LoD). This sensor array creates
multidimensional data for cells, which are normal, cancerous, and metastatic, as well as
isogenic, as shown in Figure 20. Four—fold sensitivity enhancement was obtained by
this sensor array relative to the nanoparticle-polymer sensor array developed by the

same group.>’

Fluorescence
response
1

Figure 20. Schematic representation of competitive binding of GFP and cell surface to
nanoparticles and fluorescence responses of normal, cancerous, and
metastatic cells.®

Shang et al. reported a fluorescence detection method utilizing a fluorescence
polymer—nanoparticle conjugate to detect L—cysteine.!?® The fluorescence of the anionic
polymer was quenched by FRET occurring between the cationic quencher and
fluorophores. L—cysteine modulated this energy transfer. This approach allowed
sensitive detection of L—cysteine with LoD of 25 nM.

Wang et al. developed an optoelectronic tongue that contained a poly(para—
phenyleneethynylene) (PPE) and green fluorescent protein (GFP) and three metal ions(
(Fe**, Co?*", and Cu®") at three pH values (7, 10, and 13) to discriminate 20 natural
amino acids.’' The fluorescence of PPE and GFP were significantly quenched by these
metal ions. 20 amino acids introduced to the pre—quenched PPE/GFP—metal complexes
created distinct fluorogenic responses. Statistical analysis of fluorescence response
patterns was carried out by LDA. This sensor array successfully clustered 20 amino
acids into 5 classes which were hydrophobic, polar, aromatic, positively charged, and
negatively charged groups.

Wang et al fabricated a sensor assay based on fluorescence quenching and
recovery mechanism for the detection of Cr(VI) and Fe(III).'?° Formaldehyde—-modified,
hyperbranched polyethyleneimine (F-hPEI-) capped AuNPs were used as a
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fluorescence sensor element. Initially, the fluorescence of sensor was quenched by
Cr(VI) due to the combined effects of internal charge transfer (ICT) and the inner filter
effect (IFE). The limit of detection was calculated as 0.63 uM for Cr(VI). Moreover,
this sensor could distinguish between Cr(IIl) and Cr(VI). Upon addition of Fe(Il), the
fluorescence of sensor was recovered as a result of redox reaction between Cr(VI) and
Fe(II). The successfull discrimination between Cr(IIl) and Cr(VI), and Fe(Il) and Fe(III)
could be achieved by this sensor.

Qin et al. developed a new bifunctional nanosensor for the detection of Cu®" and
bithiols.!** Polyethyleneimine nanoparticles (PEIN) were utilized as a fluorescence
source. Among thirteen common metal ions, the strong fluorescence of PEIN was
effectively quenched only by Cu®" via static quenching. The fluorescence of PEIN-Cu?*
was recovered upon addition of bithiols such as Cys or GSH. Therefore this system had
two sensory events; Cu®" sensing was achieved by fluorescence turn—off mode, and
bithiol sensing was performed by subsequent addition of bithiols to the pre—quenched
PEIN-Cu** complex, which resulted in fluorescence turn—on mode.

In another work, Zhang et al. reported a complementary approach to the
classical chromatography methods to determine Edman degradation of amino acids.'’!
A sensor array had complexes of three anionic poly(pphenyleneethynylene) (PPE)
derivatives and metal ions such as Fe?", Cu?*, Co*". In this study, metal ions were used
to construct a more discriminative array. Addition of degradation products of the Edman
process (phenylhydantoin—derivatives of amino acids) created fluorescence alteration;
such as fluorescence quenching or fluorescence turn—on. These fluorogenic responses
were statistically evaluated by linear discriminant analysis (LDA) to obtain unique
fingerprint for each analyte. This sensor array enabled the dicrimination of
phenylhydantoin—derivatives of amino acids degraded from oligopeptides during
Edman sequencing.

Recently, Tawfik et al. presented a new monitoring technique for the
environmental pollutants.'3> The fluorescence on—off sensor consisted of conjugated PT
derivative and quantum dots to detect Hg>" and triacetone triperoxide (TATP). Initially,
the fluorescence of polymer—quantum dot complex was quenched by Hg?" addition via
electron transfer. Addition of TATP induced significant fluorescence recovery due to
the strong interaction between TATP and Hg?*. This sensor displayed high sensitivity
for TATP and Hg?" with a detection limits of 0.055 mg L™! and 7.4 nM in water,

respectively.
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CHAPTER 2

MATERIALS & METHODS

2.1. PH-dependent Spectroscopic Characterization of PT-Pip

Cationic water—soluble poly(1,4—dimethyl—1—(3—((4—methylthiophen—3—
yl)oxy)propyl)piperazine—1—ium bromide) (PT—Pip) was synthesized at the Biosens &
Bioapps Laboratory (Izmir Institute of Technology) according to the procedure reported
previously.'* Sodium hydroxide (98%) were purchased from Sigma—Aldrich (St. Louis,
USA). Hydrochloric acid (37% concentrated fuming HCl) were provided from Merck
(Darmstadt, Germany). The chemical structure of the PT—Pip are shown in Figure 21.

Figure 21. Chemical structure of PT—Pip.'3?

2.1.1. UV-visible and Fluorescence Spectroscopy Analysis of PT-Pip

PH—-dependent spectroscopic analyses of PT-Pip were carried out by UV—visible
and fluorescence spectroscopy. Scanning of the fluorescence and absorbance intensity
for all samples were recorded using a Varioskan™ flash multimode reader (Thermo
Scientific). The excitation wavelength was fixed at 405 nm, step size 2 nm, excitation
bandwidth 5 nm, and measurement time 100 ms at room temperature. According to the
excitation and emission maxima of PT-Pip '*, the fluorescence spectra were obtained
between 450-700 nm. The absorbance spectra were obtained between 300—700 nm.

200 pL PT-Pip (1.4 mM (monomer based)) solution was placed in a well plate.
PT—Pip was titrated by HCI and NaOH sequentially with the final concentration of 56.6
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mM and 52.9 mM, respectively. The UV—visible absorption and fluorescence spectra

were recorded after all titration steps.

2.2. Direct Sensing of Proteins

To develop a sensitive and selective fluorescence ‘‘turn on/off’” mode, the
fluorescence quenching mechanism was initially optimized for buffer and pH. After
fluorescence quenching, proteins were introduced to the pre—quenched supramolecular
PT—Pip—AuNP complexes. As a result of the self-assembly between the PT-Pip—AuNP
complex and protein, fluorescence responses were investigated in detail by fluorescence
spectroscopy. The schematic represantation of the fluorescence ‘‘turn—on/off’’ sensing

mechanism is illustrated in Figure 22.
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Figure 22. Schematic representation of fluorescence ‘¢ turn—on/off’” sensing mechanism
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2.2.1. Spectroscopic Analysis of Gold Nanoparticle

A negatively charged AuNPs were synthesized by Turkevic Method'** as shown
in Figure 23. The chloroauric acid solution (0.5 mM) was prepared by dissolving 0,01g
gold (IIT) chloride hydrate (purchased from Sigma—Aldrich Company) in 60ml MQ
water. 38,8 mM sodium citrate solution was prepared by dissolving 0,069g sodium
citrate (purchased from Sigma—Aldrich Company) in 6ml MQ water. Initially, the
chloroauric acid solution was heated to 100 °C, then cooled to 75 °C. The chloroauric
acid solution was then treated with sodium citrate and constantly stirred until the color
of the solution became wine red. This solution was stored at +4 °C.

Citrate ions acted as reducing and capping agents. The production of colloidal
gold was detectable by naked eyes (yellow to red color transition). The UV—visible
spectroscopy and zeta size analysis were carried out to detect the intensity and the
diameter of the AuNP. Scanning of the absorbance intensity of the colloidal AuNPs was
carried out by a Varioskan™ flash multipurpose plate reader using a step size of 2 nm
and a measurement time of 100 ms at room temperature. Absorbance spectra were

obtained between 300-800 nm.

0
(o] H O \\ \hN“ ®00
e
C
HAuCl; + -4 o

Na' Na Na /}:Na ® 00@®
0 Na

Figure 23. Turkevich’s method for AuNPs fabrication.'*®
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2.2.2. Fluorescence Quenching of Gold Nanoparticle in Different
Buffer Solutions

The fluorescence quenching mechanism between PT-Pip and AuNP was
investigated in TE buffer, PBS buffer, and MQ water, seperately. PT-Pip (1.4 mM
monomer—based) 1:2 diluted with 1X TE buffer, 1X PBS buffer, and MQ water were
used. PT-Pip solutions were titrated with AuNPs. The fluorescence spectra were
recorded at all steps using Varioskan™ flash multimode reader (Thermo Scientific).
The excitation wavelength was fixed at 405 nm. Fluorescence spectra were obtained

between 450-700 nm.

2.2.3. Effect of PH on Gold Nanoparticle Stability

The pH-—dependent stability of AuNP was investigated via UV-visible
spectroscopy. 100 uL. AuNP solution was titrated by water (pH = 2.05, pH = 7.0, and
pH =11.75) and 1X TE buffer (pH = 1.32, pH = 7.38, and pH = 12.05), seperately. The
absorbance spectra were recorded after all titration steps. The absorbance spectra were
obtained between 300—800 nm by using Varioskan™ flash multimode reader (Thermo

Scientific)

2.2.4. Investigation of Fluorescence Quenching Mechanism of AuNPs

The fluorescence quenching mechanism of AuNP was investigated by
fluorescence and UV-visible spectroscopy. PT—Pip (0,5 mg/ml) solution 1:2 diluted
with MQ water (pH =7) was used. Initial fluorescence and absorbance spectra were
recorded. PT—Pip solutions were titrated with 50 ul AuNP solution at 25 °C, 35 °C, and
45 °C, seperately. After all titration step, fluorescence and absorbance spectra of PT—Pip
were recorded again. Fluorescence and absorbance measurement were performed
following the previously—mentioned protocols. The Ksv values of AuNP was calculated
by Stern—Volmer (S—V) equation'*® (Equation 1). The conformational alteration of PT—
Pip upon complexation with AuNP at 25 °C, 35 °C, and 45 °C was examined by UV—

visible spectoscopy.
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Afterwards, PT—Pip (0,5 mg/ml) solution 1:2 diluted with TE buffer (pH = 7.08,
pH =9.64) and MQ water (pH = 7.00, pH = 9.70) were used. The initial fluorescence
spectra of PT-Pip were recorded. PT-Pip solutions were titrated with 50 ul AuNP
solution at 25 °C. The fluorescence spectra were recorded after all titration steps.
Fluorescence measurement were performed following the previously—mentioned
protocol. Ksv values of AuNP for four parameters were determined according to

Equation 1.

lo/I=1+ Ksv [quencher], [1]

Where lo and I are the fluorescence intensity of PT-Pip in the absence and
presence of AuNP, respectively. Ksv is the Stern—Volmer quenching constant

determined by Linear Stern—Volmer plots.

2.2.5. Direct Sensing of Proteins

Bovine serum albumin (BSA), cytochrome C (CC) (from horse heart), acid
phosphatase from potato (Phos A), alkaline phosphatase from bovine intestinal mucosa
(Phos B), and protease (from Bacillus licheniformis) were purchased from Sigma-—
Aldrich Company. 1 mM stock solutions of proteins prepared with MQ water were
stored at —20 °C. Protein solutions 1:9 diluted with MQ water (pH =7.0, pH = 9.7) and
TE buffer (pH = 7.08, pH =9.7) were used. Initially, the fluorescence spectrum of PT—
Pip was recorded. The fluorescence of PT-Pip was then quenched with 50 ul AuNP
solution. 110 ul (100 uM) protein solutions were added to the pre—quenched PT-Pip—
AuNP complexes via titration. Following the previously—mentioned fluorescence

measurement protocol, the fluorescence spectra were recorded after all titration steps.

2.3. Ratiometric Sensing of Mammalian Cells

BCE C/D-1b (an adult bovine corneal endothelial cell line, ATCC® CRL-
2048™), NIH/3T3 (mouse fibroblast, ATCC® CRL-1658™), MDA-MB-231 (human
epithelial breast adenocarcinoma, ATCC® HTB-26™), MCF-7 (human epithelial
breast adenocarcinoma, ATCC® HTB-22™), SAOS-2 (human osteosarcoma, ATCC®
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HTB-85™), SH-SYS5Y (human bone—marrow neuroblastoma, ATCC® CRL-2266™),
and HeLa (human epithelial cervix adenocarcinoma, ATCC® CCL-2™) cell lines were
used as analytes for cell sensing studies.

Solvent optimization for cell sensing experiment was investigated by
fluorescence spectroscopy. The pre—quenched PT-Pip—AuNP complexes were titrated
with DMEM and MQ water solution (without cell) to observe DMEM and MQ water's
effect on the sensing mechanism. After buffer optimization, cell concentration was
optimized using SAOS-2 cell lines. These cell lines were dissolved in MQ water with
two concentrations (200.000 cell/100 ul MQ water, and 2.000.000 cell/100 pul MQ
water) prior to use. PT-Pip—AuNP complexes were titrated by the suspended cells.
Fluorescence spectra between 450—700 nm were recorded after all titration steps.

A complete cell culture medium (DMEM media supplemented with 10% FBS
and 1% penicillin—streptomycin) + alamar blue (without cell) was used as a blank.
Initially, the viabilities of suspended and adherent cells were compared by using 50,000
SH-SYS5Y cells. Cells were treated with 1% alamar—blue solution, then incubated for 4
hours. After incubation, the absorbance values of solutions were measured at 570 nm
and 600 nm by Multiskan™ GO Microplate Spectrophotometer (Thermo Fischer
Scientific). All experiments were repeated three times. Later, the viabilities of the
suspended cells in water, 1X TE buffer, and 25 mM HEPES were investigated by using
50.000 MCF-7 cells. 1% alamar—blue solution was added to each well and incubated
for 4 hours. After incubation, absorbance intensity was measured at 570 nm and 600

nm.

2.3.1. Ratiometric Sensing of Mammalian Cells and Zeta Potential
Analysis for Seven Cell Lines

The cell pellets containing 200.000 cells were suspended in 100 uL 1X TE (pH
= 7.4) buffer and 25 mM HEPES (pH = 7.4) buffer before use. Another 200.000 cells
were also used as cell pellets without using any buffer solution (after centrifuging, the
cell pellet was obtained and directly added to the PT-Pip—AuNP solution).

25 uL PT-Pip (0,5 mg/mL) and 50 uL MQ water were placed into the well. This
solution was titrated by 70 uL AuNP solution to quench the fluorescence of PT—Pip.
Next, 100 pL cell suspensions (200,000 cells in 1X TE buffer or 25 mM HEPES buffer)
were added to each well for 1X TE buffer and 25 mM HEPES buffer sensor parameters.
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In solvent—free parameters, 200.000 cells were added to PT-Pip—AuNP solution directly
without using any buffer. The fluorescence spectra of each titration step were recorded.
Scanning of the fluorescence intensity was carried out according to the measurement
protocol explained previously.

Zeta potential measurement was performed to evaluate the -electrostatic
interaction between cell membranes and PT-Pip. Zeta potential (electro kinetic
potential) displays the electrostatic double—layer potential that occurred at the slipping
plane of the cells. The overall charge of the cell arises from lipid head groups, ions, and
charged proteins of the cell membrane'?’. Zeta—potential analysis of the cell suspended
in buffers was performed on a zeta potential and nano particle analyzer (Micromeritics
Nanoplus4) device. 200.000 cells were dissolved in 1.5 ml buffers and analyzed for

zeta—potential. Each measurement was performed three times.

2.3.2. Fluorescence Imaging of Cells

HeLa cells were used to observe the interaction between the PT-Pip—AuNP
complex and PT-Pip localization in the cell suspension. After the PT-Pip—AuNP
complex was treated with HeLa cells (200,000 cells/100 pL 20 mM HEPES buffer), this
solution was examined under a fluorescence microscope.

The following protocol was used to obtain fluorescence images of fixed cells
obtained after cell sensing experiments. The solution consisting of PT-Pip—AuNP and
mammalian cells was incubated for 1 hour to increase PT—Pip—cell interaction. After 1
hour, this solution was centrifuged at 200 x g for 15 minutes. The pellet parts of the
solutions were placed into wells and incubated with 100 uL of paraformaldehyde (4% in
1X PBS) for 15 minutes. At the end of the incubation, the paraformaldehyde was
removed from the medium, and the fixed cells were washed twice with 1X PBS buffer.
Then, 50 pL of nucleic acid probe DAPI (1:1000 in PBS) was added to each well and
incubated for 5 minutes to target the nuclei. After incubation, DAPI was removed from
the medium. Finally, these cells were washed three times with 1X PBS.

The excitation and emission wavelengths of the DAPI dye were 358 nm and 461
nm, respectively. A DAPI filter was used to visualize the DAPI dye in fluorescence
microscopy. The excitation and emission center wavelengths of the DAPI filter were

377 nm and 447 nm. The passband wavelengths of the DAPI filter were 352 nm to 402
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nm for excitation and 417 nm to 477 nm for emission. The excitation and emission
wavelengths of PT-Pip observed in the experiments were 405 nm and 538 nm,
respectively. A Texas Red filter was used to visualize PT-Pip in fluorescence
microscopy. The excitation and emission center wavelengths of the Texas Red filter
were 559 nm and 630 nm. The passband wavelengths of the Texas Red filter were 542
nm to 576 nm for excitation and 696 nm to 736 nm for emission. Fluorescence images

were taken under a fluorescence microscope (Zeiss— Observer Z1).

2.4. Indirect Sensing of Amino Acids

The twenty amino acids used in amino acid sensing experiments are; L—alanine
(CAS No: 56-41-7), L—arginine (CAS No: 74-79-3), L—asparagine (CAS NO:70-47—
3), L—aspartic acid (CAS NO:56-84-8), L—cysteine (CAS No: 52-90-4), L—glutamine
(CAS No: 56-85-9), L—glutamic acid (CAS NO:56-86-0), Glycine (CAS NO:56—40—
6), L-histidine (CAS No: 71-00-1), L—-isoleucine (CAS No: 73-32-5), L-leucine (CAS
No: 61-90-5), L-lysine (CAS No: 56-87-1), L-methionine (CAS No: 63—-68-3), L—
phenylalanine (CAS NO:63-91-2), L—proline (CAS No: 147-85-3), L—serine (CAS
No: 56-45-1), L—threonine (CAS No: 72—19-5), L-tryptophan, (CAS No: 73-22-3) L—
tyrosine (CAS No: 60-18-4), and L—valine (CAS No: 72-18-4). All amino acids were

analytical grade and purchased from Chem—-Impex Company.

2.4.1. Optimization of Amino Acid Concentration

Firstly, PT-Pip (0.5 mg/ml MQ water) solutions 2:5 diluted with MQ water
were used. The initial fluorescence spectra of PT-Pip were recorded. Later, the
fluorescence of PT—Pip was quenched with 70 ul AuNP solution at room temperature.
The fluorescence spectra of PT-Pip—AuNP solution were recorded again.

Secondly, 20 amino acids were dissolved in MQ water (pH = 7) at their
maximum solubility for the initial optimization step. The pre-quenched PT—Pip—AuNP
complexes were then titrated by 20 amino acid solutions, individually. Fluorescence
spectra were obtained after all titration steps.

In order to optimize the amino acids concentration, 100 mM and 50 mM amino

acid solutions were prepared at pH = 7 and pH = 9.8 by using MQ water. The initial
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fluorescence spectra of PT—Pip solutions were recorded. The fluorescence of PT—Pip
was quenched as explained previously. After fluorescence quenching, the amino acid
solutions were introduced to the pre—quenched PT-Pip—AuNP complex. The
fluorescence spectra of PT—Pip were recorded at each titration step.

After concentration optimization, the PT-Pip—AuNP complex was titrated by 50
mM 20 amino acid solutions (dissolved in TE buffer and water at pH = 6, pH =7 pH =
8.2, and pH = 9.8). The fluorescence spectra of PT-Pip were recorded at each step.
Amino acid sensing experiments were carried out three times. The percentages of A

fluorescence intensities for each sample were calculated according to the Equation 2.

2.4.2. Investigation of the Interaction between PT-Pip, AuNP and 20
Amino Acid via Fluorescence and UV-visible Spectroscopy

The interactions between PT—Pip, AuNP, and amino acids were investigated by
the fluorescence and the UV—visible spectroscopy.

The initial step was investigation of the interaction between PT—Pip and amino
acids by the fluorescence spectroscopy. PT—Pip solutions 2:5 diluted with MQ water
(pH = 7) were used. PT-Pip solutions were then titrated with 20 amino acids (100 ul 50
mM). The fluorescence spectra were recorded and evaluated.

The next step was examining the interaction between AuNP and 20 amino acids
by UV-visible spectroscopy. 70 ul AuNP solutions were placed in the well and titrated
by 20 amino acids (100 ul 50 mM) individually. The absorbance spectra were recorded
at each step.

The third step was to investigate the interaction between PT—Pip—AuNP and
amino acids by both UV-visible and the fluorescence spectroscopy, simultaneously.
PT—Pip (0.5 mg /ml) 2:5 diluted with MQ water (pH = 7) was used. The fluorescence
and absorbance spectra were recorded. The fluorescence of PT-Pip was quenched by 70
ul AuNP solution. 100 pl 50 mM amino acid solutions (in MQ water at pH = 7) were
then introduced to the pre—quenched PT—Pip—AuNP complex. The fluorescence and

absorbance spectra were recorded at each step.
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2.4.3. Statistical Analysis

The statistical analysis of protein sensing study was performed as explained:
Two different methods were utilized to calculate the fluorescence difference before and
after protein addition. In the first method, the fluorescence intensity corresponding to
the Imax was measured to calculate the maximum fluorescence intensity. In the second
method, areas under the fluorescence curve were measured to calculate integrated
fluorescence intensity. Percentages of A fluorescence intensity/integrated intensity were

obtained according to Equation 2.

A 1. %= ([Final I.— Quenched I.] / Initial I.) x 100 [2]

Final I: Fluorescence intensity/integrated intensity of PT—Pip in the presence of analyte.
Quenched I: Fluorescence intensity/integrated intensity of PT—Pip in the absence of
analyte.

Initial I: Fluorescence intensity/integrated intensity of PT—Pip in the absence of analyte

and quencher molecule.

The fluorescence response for each protein was analyzed by PCA'3® by Minitab
17.3.1. PCA, which is the oldest and most popular multivariate technique has been
widely used by many scientific disciplines. PCA analyzes positively correlated data of
variables. This method transforms data of variables (by extracting important data) into a
linear combination of orthogonal variables which is called principal components (PCs).
PCA has an essential advantage over other statistical analysis methods. Most of the
variations are retained while the dimensionality of data is reduced by PCA.'*

LoD for each sensor element was calculated based on the fluorescence responses

of five proteins. The detection limits were measured according to Equation 3.

LoD= 3cbi/m [3]

Where obi was the standard deviation of blank and m is the slope of A I. —

[protein] graphs.
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The statistical analysis of cell sensing study was performed as explained: The
mammalian cell sensing experiments were performed at three (1X TE buffer, HEPES
buffer, and solvent—free) sensor parameters for seven cell lines. The fluorescence
intensities obtained from the fluorescence spectra were recorded at each step. PT—Pip—
AuNP complex emitted light at 542 nm (I1). A novel peak appeared at 586 nm (I2) with
a shoulder at 632 nm (I3) upon the addition of cells. Cell sensing experiments were
repeated three times for seven cell lines. 12/ I1 and I3/ Ii ratios were calculated. The
fluorogenic response of each cell against the sensor array was obtained as a ratio of
intensities at three distinct wavelengths. The fluorescence responses within the 95%
confidence interval were analyzed by PCA.

The statistical analysis of amino acid sensing study was performed as explained:
Fluorescence intensities of PT—Pip corresponding to the Imax were measured to calculate
maximum fluorescence intensity in the absence and presence of amino acids.
Percentages of A 1. were obtained according to Equation 2. The fluorescence responses

for each amino acid were analyzed by PCA by Minitab 17.3.1.
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CHAPTER 3

RESULTS & DISCUSSION

3.1. PH-dependent Spectroscopic Characterization of PT—Pip

In this thesis, water—soluble cationic PT derivative, poly—(1,4—dimethyl-1—(3—
((4—methylythiophene—3—yl)oxy)propyl)piperazine—1—ium bromide), was used as a
cross—reactive signal transduction element. The side chain of PT—Pip contains
piperazine group, which is a six membered-ring having two opposing nitrogen atoms.
1,4—dimethylpiperazine is a weak base with pKa(1) = 3.81 and pKa(2) = 8.38 at 25° C
in water.'*’ The addition of a ethyl or propyl group on other nitrogen of the ring slightly
changes the pKa. The two nitrogen atoms in the piperazine ring act as charge carriers; at
pHs higher than the pKa(2), free amines of piperazine is deprotonated, and below the
pKa(1), the two nitrogen atoms are protonated. The piperazine in conjugation with
various fluorophores are widely utilized in pH-sensing applications'*!, such as
monitoring intracellular pH'* etc. due to the protonation and deprotonation of nitrogen
atoms. In this thesis, the piperazine group of side chain was utilized mainly for two
purposes; 1) to achive efficient fluorescence quenching of cationic PT-Pip via anionic
AuNP due to the electrostatic interaction, ii) to target the anionic biomolecules or
anionic cell membrane surfaces by the cationic centers of the piperazine groups.

This thesis aimed to developed multiple sensor elements by tuning the pH and
buffer types of sensor environment. The effects of pH and buffer types on the sensor
elements and sensory events were investigated. To investigate the optical response of
PT-Pip against the pH, initially, the pH—dependent characterization of PT-Pip was
carried out in detail by the UV—visible and fluorescence spectroscopy. The polymer

structure were given in Figure 24.
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Figure 24. Structure of poly—(1,4—dimethyl-1—(3—((4-methylythiophene—3—yl)oxy)
propyl)piperazine—1—ium bromide) (PT—Pip).'*?

3.1.1. UV-visible and Fluorescence Spectroscopy Analysis of PT-Pip

Figure 25. illustrates the fluorescence and absorbance spectra of PT—Pip titrated

by HCI and NaOH, sequentially.
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Figure 25. Fluorescence and absorbance spectra of PT—Pip (0.5mg/ml) in DI titrated
with HCl and NaOH. (a) Titration of PT-Pip with 1M HCI; (b) titration of
PT-Pip—HCI solution with 1M NaOH; (c) titration of PT-Pip—HClI-NaOH
solution with 0.02M NaOH. The excitation wavelength is fixed at 405 nm
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There was a significant change in the UV-visible absorption spectrum upon
addition of HCI (1M). In the absence of HCI, PT-Pip exhibits an absorbance maximum
at 402 nm. The absorbance intensity at 402 nm decreased with HCI addition, and a
novel peak appeared at 504 nm. Moreover, the fluorescence intensity significantly
decreases with HClL. A distinct red shift of the fluorescence maximum was observed
(from 538 nm to 614 nm) as shown in Figures 25. (a) and Figure 26. (b).

The positively charged PT-Pip absorbed light at 402 nm at a neutral pH,
indicating that PT-Pip was in the random coil or less conjugated (nonplanar)
conformation.'*® The pH value of the solution decreased from 7 to 1.25 with HCI. As
the two nitrogen atom of piperazine group became protonated, coulombic repulsion
between the cationic centers of the pendant group induced streching and planarization
of the PT—Pip backbone. The isosbestic point of the absorbance spectrum in Figure 25.
(a) proves the transition from non—planar to planar conformation. Due to the
planarization of PT—Pip backbone, interchain interaction (n— m stacking) and
aggregation occurred. Non-radiative energy transfer of PT-Pip excitons between
different PT—Pip chains was observed. The weak emissive PT—Pip chains were
formed'!!, as shown in Figure 25. (a).

Absorbance and fluorescence intensities decreased during titration of PT—Pip—
HCI solution by 1M NaOH. Blue shifts in the fluorescence (from 614 nm to 556 nm)
and absorbance maxima (from 504 nm to 486 nm) were observed, as shown in Figure
25. (b).

The solution’s pH was gradually increased from 1.25 to 11.65 with 1M NaOH.
As pH increased, the degree of protonation of PT-Pip decreased. PT-Pip chains began
to collapse due to lower repulsive forces between side chains. Up to pH = 11.65,
aggregation of the planar region of PT—Pip chains still existed, and the fluorescence
intensity of PT—Pip decreased further.

Upon addition of 0.02 M NaOH, the pH of the solution increased from 11.65 to
11.80. At this pH, the two nitrogen atoms of the all piperazine groups were most likely
deprotonated. As the protonation of PT—Pip chains disappeared, the region with the
random coil conformation started to fold over the planar region of the PT—Pip chain.
The absorbance intensity was gradually recovered at a shorter wavelength (426 nm).
The planar regions of different PT—Pip chains did not interact with each other, which

prevents aggregation and non-radiative energy transition. Therefore, fluorescence
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intensity sharply increased. PT—Pip excitons recovered their fluorescence at a higher
wavelength (594 nm) ), as shown in Figure 25. (¢) and Figure 26. (b).

The reversibility of pH—dependent conformational changes of PT-Pip was
investigated. As shown in Figure 26. (a), PT—Pip exhibited a progressive fluorescence
recovery that was pH—dependent. These reversible cycles could be retained at least 10

times.
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Figure 26. Acid-base titration of PT—Pip with HCl and NaOH. (a) pH—dependent
reversible fluorescence intensity changes of PT—Pip. Acid—base addition
cycles were repeated 10 times (b) Plots of fluorescent intensity at 530 nm vs.
volume of HCI and NaOH; data were extracted from Figure 25.

The pH-dependent optical and structural changes of PT—Pip resulted from
protonation/deprotonation of the chromophores, as no further chemical reaction
occurred. These fluorescence turn on/off behaviors caused by protonation and

deprotonation of side chains were visible to the naked eye, as shown in Figure 27.

42



Figure 27. Color of PT—Pip after HCI titration and after NaOH titration

Initially, the color of PT-Pip was dark yellow which is a characteristic to the
random coil conformation of PT-Pip. After HCI titration, the yellow to red color
transition of PT—Pip was observed due to planarization and aggregation of PT-Pip
chains. Upon addition of NaOH, PT—Pip turned bright orange arising from the partial
planarization of non—aggregated PT—Pip chains.

This study investigated the highly sensitive and reversible pH—dependent
protonation/deprotonation processes of PT—Pip by fluorescence and UV-visible
spectroscopy. The pH of the surrounding environment controls the structural and optical
properties of PT—Pip. Reduction of pH with HCI induced planarization and aggregation
of PT—Pip, which decreased absorption and emission intensity. Enhancement of pH with
NaOH increased the fluorescence intensity of PT—Pip. The chromophoric absorption
maximum was blue—shifted by NaOH addition resulting from the partially random coil
and partially planar structure of the polymeric backbone.

The interaction between sensor elements and analytes mainly depended on
electrostatic interaction. The pH of the environment influenced the optical properties of
PT—Pip, which then affected the interaction of the PT-Pip with the target analytes.
These pH-induced conformational changes of PT—Pip could be utilized to develop

multiple sensor elements by changing the pH of the environment.

3.2. Direct Sensing of Proteins

In this thesis, at first fluorescence ‘turn—on/off” biosensor was developed for

protein discrimination. This sensing approach included two sensory events; in the first
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step, the fluorescence of PT-Pip was quenched by the AuNP, called the fluorescence
‘tun—off” mode, and in the second step the fluorescence of PT-Pip—AuNP was
modulated by the target analytes, called the fluorescence ‘turn—on’ mode. The aim of
the study was to distinguish 5 different proteins according to their isoelectric point (pl),
molecular weight (MW), and other physicochemical properties. The optimization steps

of the sensor array were explained in the following sections.

3.2.1. Spectroscopic Analysis of Gold Nanoparticle

AuNPs were efficient fluorescence quenchers. In order to quench the
fluorescence of cationic PT-Pip, negatively charged AuNPs were used. AuNPs
synthesis was performed according to the citrate reduction Turkevich’s method. The
color transition of the AuHCls solution and the localized surface plasmon resonance
peak of the AuNPs are illustrated in Figure 28.
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Figure 28. (a) AuHCl4 solution (left) and citrate—capped AuNP solution (right); (b) UV—
visible absorbance spectrum of AuNPs

The yellow color of AuHCls solution turned to wine red, and the localized
surface plasmon resonance peak appeared at 528nm, with an intensity of 0.3791 a.u.
indicating the formation of colloidal gold nanoparticles'**, as shown in Figure 28. The
zeta potential was measured as —44.76 mV. The zeta size of the AuNP was
approximately 40.3 nm, which correlated with the literature, indicating that the AuNP
with a mean diameter of 39.9 had its SPR position at 528.5 nm.'#’
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3.2.2. Fluorescence Quenching of Gold Nanoparticle in Different
Buffer Solutions

The fluorescence quenching between PT—Pip and AuNP was investigated in
detail. The emission maximum of cationic PT-Pip (at 538 nm) and the absorption
maximum of anionic AuNPs (at 528 nm) perfectly overlapped, as shown in Figure 29.
As a result of electrostatic interaction and spectral overlap, the fluorescence of PT-Pip

was successfully quenched by AuNPs via RET based!*® energy transfer.'*’
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Figure 29. Absorbance and fluorescence spectra of PT-Pip (467 uM (monomer based))
in MQ water at pH = 7 and localized surface plasmon resonance peak of
AuNPs (0.15 pM) in MQ water at pH =7

In order to sense the biomolecule, biomolecules were supposed to preserve their
integrity in sensor environment. Besides, the sensor environment should not effect the
sensing mechanism. Therefore, MQ water, 1X PBS, and 1X TE buffer were
investigated in terms of their suitability for sensing applications. The effects of buffer
on the fluorescence quenching mechanism were investigated by fluorescence
spectroscopy. PT-Pip (0.5 mg/ml), 1:2 diluted with MQ water, 1X PBS, and 1X TE

buffer were titrated with AuNPs. The fluorescence spectra are given in Figure 30.
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Figure 30. Fluorescence spectra of PT—Pip titrated by AulNPs in different solvents: (a)
MQ water, (b) (1X) PBS buffer, (c¢) (1X) TE buffer. The black line represents
the fluorescence spectrum of PT-Pip. The other lines represents the
fluorescence spectra of PT—Pip titrated by AuNPs. Excitation wavelength is
fixed at 405 nm

PT—Pip solution, 1:2 diluted with MQ water, 1X TE buffer, and 1X PBS were
used. The initial fluorescence intensities of PT—Pip diluted with 1X TE buffer and MQ
water were higher than 1X PBS. The phosphate groups (PO4°") are known to induce
planarization of the PT-Pip backbone by interacting with cationic pendant groups of PT-
Pip'®, which result in a drastic reduction in the initial fluorescence of PT-Pip. An
efficient fluorescence quenching was observed in 1X TE buffer and MQ water but not
in 1X PBS, as shown in Figure 30. Unlike TE buffer and MQ water, PBS was not a
suitable solvent for AuNPs, as PBS are known to affect the distribution of AuNPs in the
solvent while disrupting its stable structure.'*® As a result of the destabilization of
AuNPs in PBS, AuNPs had not been able to quench the fluorescence of PT—Pip.
Therefore, following experiments were carried out using MQ water and TE buffer as

appropriate solvents.
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3.2.3. Effect of pH on Gold Nanoparticle Stability

The stability of AuNPs was investigated at various pHs to determine the
optimum pH range for sensing applications. AuNPs were titrated by MQ water (pH =
2.05, 7.0, and 11.75) and 1X TE buffer (pH = 1.32, 7.38, and 12.05) individually. The
optical properties of AuNPs in acidic, neutral, and basic solutions were investigated by

UV-visible spectroscopy.
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Figure 31. Variation in LSPR band of AuNPs titrated with MQ water and TE buffer at
(a) acidic pH, (b) neutral pH, and (c) basic pH
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The AuNPs remained stable during titration by MQ water and 1X TE buffer at
pH = 7 and 12. Titration with 1X TE buffer at pH = 12.05 absorbance maximum
slightly decreased, as seen in Figure 31. (b) and (c). Nevertheless, the AuNPs
maintained their optical properties at neutral and basic pH values. As shown in Figure
31. (a), during titration of AuNPs with 1X TE buffer and MQ water at pH ~ 2, the
absorbance maximum was significantly red—shifted, and the absorbance intensity
decreased, implying that the monodispersed AuNPs aggregated to larger clusters.

The carboxyl (~COOH) group of citrate on the AuNP surface was protonated by
the H" ions in the acidic environment. The H' ions formed a compact layer called the
“Stern layer” on the nanoparticle surface.'* The second layer named the ‘‘Diffuse
layer’” was attracted by coulomb forces. Therefore, titration of AuNPs with acidic
solutions reduced the negative charges of the AuNP surfaces and decreased the
repulsive forces between two adjacent nanoparticles. The delocalized conduction
electrons of the nanoparticle were shared with the neighboring nanoparticle. Thus,
acidic solutions caused the aggregation of nanoparticles which resulted in the red shift
of the surface plasmon resonance to a higher wavelength. Since the number of stable
nanoparticles decreased in an acidic environment, the absorbance intensity of the

extinction peak decreased, as shown in Figure 31.

3.2.4. Investigation of Fluorescence Quenching Mechanism of AuNPs

In order to investigate the fluorescence quenching mechanism between PT-Pip
and AuNP, the temperature—dependent behavior of the fluorescence quenching
mechanism was investigated by UV-visible and fluorescence spectroscopy. The
fluorescence quenching study was performed at three temperatures (25, 35, and 45 °C).
Table 1 shows the Stern—Volmer constants (Ksv) for the AuNP and PT-Pip complexes

at the three temperature values.

Table 1. Stern—Volmer constants (Ksv) for the AuNP and PT-Pip coordination at three
temperature values in MQ water (pH = 7) based on fluorescence titration

studies
T (°C) Ksv/10° M R? (cop)
25 152.16608 0.98043
35 116.50695 0.98677
45 106.80267 0.98177
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Fluorescence intensities were reduced by about 82%, 80%, and 77% at 25 °C, 35
°C, and 45 °C, respectively. Ksv values of AuNP at three temperatures were obtained
via Equation 1. Io/I vs. [AuNP] plots were linear in the concentration range between 0 to
0.033 uM. The slopes were equal to the Stern—Volmer constants (Ksv), as shown in
Table 1. The results indicated that the Ksv values decreased as temperature increased.

UV-visible spectroscopy was used to examine the conformational alteration of
PT-Pip upon complexation with AuNP at the three temperature values. Changes in the
absorbance spectra of PT-Pip were used an indicators of the quenching mechanism.
Figure 32. represents the temperature—dependent alteration in the UV—visible spectra of

PT-Pip—AuNP complexes.
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Figure 32. Normalized UV—-visible spectra of PT—Pip in the absence and presence of
AuNPs at 25 °C, 35 °C and 45 °C

Investigation of the UV—visible absorption spectra of PT—Pip in the absence and
presence of AuNPs at three different temperatures confirmed that the absorbance of PT—
Pip changed as a result of PT-Pip—AuNP complexation, as seen in Figure 32. Moreover,
higher temperatures reduced these alterations, which indicates that the stability of the
PT-Pip—AuNP complex was decreased at higher temperatures.

Fluorescence quenching approaches can be divided into three mechanisms: (I)
static quenching, (II) dynamic (collisional) quenching, or (III) a combination of the two
mechanisms.'>® In dynamic quenching, a collision between quencher molecules and
fluorophores in the excited state leads to fluorescence quenching without quencher—

fluorophore complexation.!>! Contrary to dynamic quenching, static quenching is
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observed when the quencher and fluorophore form a non—fluorescent dark complex in
the ground state.'*! The mixed fluorescence quenching process combines both static and
collisional quenching by the same quencher.!>?

In the dynamic quenching process, the absorption spectrum of the fluorophore is
not supposed to differ, as this quenching only affects the excited state of fluorophores.
In the static quenching, fluorophore—quencher dark complex formation results in
changes in the UV-visible spectrum of fluorophores.!*> The temperature-dependent
alterations in fluorescence quenching behavior vary between static and dynamic
fluorescent quenching. In dynamic quenching, the rate of collisional quenching
increases via rapid diffusion of the quenchers at a higher temperature, which also
increases the Ksv values of the quenchers. In static quenching, the stability of the
quencher—fluorophore complex is reduced at higher temperatures, which decreases the
Ksv values of the quenchers.* Fluorescence and UV-visible spectroscopy confirmed
that the possible fluorescence quenching mechanism of PT-Pip via AuNP involved
mainly ‘static quenching’’.!>3

Fluorescence quenching optimization experiments for sensor development were
carried out with various buffers and pH parameters, such as 1X TE buffer and MQ
water at pH =2, pH =4, pH =6, pH =7, pH =9, and pH = 12, to tune the interaction
between PT-Pip and AuNP. At acidic pH values, such as pH = 2, pH = 4, and pH = 6,
the PT-Pip backbone became planar. Aggregation of PT—Pip chains occurred. The
formation of aggregates reduced the initial fluorescence intensity of polymers due to the
n—n stacking of polymer chains and self-quenching.!!! AuNPs also became destabilized
at acidic pH values. Efficient fluorescence quenching was not observed between planar
and aggregated PT—Pip and AuNPs at acidic pH values.

On the other hand, at very high pH values, such as pH = 12, although the initial
fluorescence intensity of PT-Pip increased, the (~OH) hydroxyl ions in the medium
prevented the interaction of PT-Pip with the AuNP. Optimization experiments were
carried out in a broad spectrum pH range (data not shown here), and two pH values
were determined as the optimum pH values: pH = 7.08 and pH = 9.64 for TE buffer and
pH =7 and pH = 9.7 for MQ water.

The fluorescence quenching efficiency of AuNPs in four sensor elements was
investigated by fluorescence spectroscopy. A plot of normalized fluorescence intensity

alterations by AuNP titrations in four different solvents displays efficient and
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measurable fluorescence quenching. The fluorescence quenching arose from the PT—

Pip—AuNP pairing at the submicromolar level of AuNPs, as seen in Figure 33.
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Figure 33. Normalized fluorescence intensity of PT-Pip (467 uM (monomer—based))
titrated by AuNPs (with increasing AuNP concentration from top to bottom
of the graph) and the Stern—Volmer plots of PT-Pip (467 uM (monomer—
based)) quenching by AuNPs in a linear range for low AuNPs concentration
regime. AuNPs concentrations ranged from 0 to 0.06 uM (from top to
bottom) in (a) TE buffer (pH = 7.08), (b) TE buffer (pH = 9.64), (c) Water
(pH = 7.00), (d) Water (pH = 9.70). Excitation wavelength is fixed at 405 nm
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Ksv values were calculated by the Stern—Volmer formula in Equation 1. The
plots of Io/I vs. [AuNP] were linear in the concentration range of 0 to 0.02 pM. The
slopes are equal to the Stern—Volmer constants (Ksv) given in Table 2. The results show
that the pH and solvent types significantly influenced PT-Pip—AuNP complexation. The
interactions between AuNPs and PT—Pip were reduced in a solution with high ionic
strength as expected, which was correlated by the literature!*>> Higher binding efficiency
between AuNPs and PT—Pip was obtained in MQ water compared to TE buffer. The
binding efficiency between AuNP and PT—Pip was stronger at neutral pH than at basic
pH. The appropriate stoichiometry of AuNP was utilized to quench the fluorescence of
PT-Pip in the four different solutions. The final concentrations of PT—Pip was fixed at
280.2 uM, and the final concentration of AuNPs was fixed at 0.06-0.08 uM for the

protein sensing study.

Table 2. Stern—Volmer constant (Ksv) for the AuNP and PT-Pip complexation in
various buffer systems calculated from fluorescence titration experiments

Solvent types and pH values Ksv /103 M™! R? (cop)
MQ water pH = 7.00 110.4154 0.99871
MQ water pH =9.70 68.72296 0.99817
TE buffer pH = 7.08 49.55485 0.99831
TE buffer pH = 9.64 44.44079 0.99959

3.2.5. Direct Sensing of Proteins

The non—covalent pre—quenched PT—Pip—AuNP supramolecular complexes
were used to discriminate proteins. Five different protein solutions including
metalloproteins and nonmetalloproteins were used as target analytes. The
physicochemical features of the five proteins were comparable such as MW (ranging

from 12.38 to 160 kDa) and pl (ranging from 4.7 to 10.5), as shown in Table 3.
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were repeated five times. Figure 34.

serum albumin against sensor array.

a)

c)

Figure 34. Fluorescence spectra of PT-Pip—AuNP complex prior and post addition of
BSA (100 uM): (a) in TE buffer (pH = 7.08), (b) in TE buffer (pH = 9.64),
(c) in water (pH = 7.0), and (d) in water (pH = 9.7). Excitation wavelength is

Table 3. Physicochemical features of proteins

Proteins MW pl Charge at pH | Charge at pH
(kDa) =7.00 =9.70
Bovine serum albumin (BSA) | 66.43 4.7 negative negative
Cytochrome C (CC) 12.38 10.0— | positive positive
10.5
Acid phosphatase (Phos A) 69 5.2 negative negative
Alkaline phosphatase (Phos B) | 160 5.7 negative negative
Protease 27.29 9.4 positive negative
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The fluorescence responses of each protein were investigated. All experiments
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The pl of BSA (non—metalloprotein) is 4.7. The MW is 66.43 kDa'*® BSA is
negatively charged at pH ~ 7.0 and pH ~ 9.7. Therefore, BSA competed with the
negatively charged AuNPs to interact with the positively charged PT-Pip. As a result of
the competitive binding of BSA and AuNP to PT—Pip, the PT-Pip—AuNP complex was
dissociated. Thus, the selective displacement of PT—Pip resulted in fluorescence
recovery. At pH ~ 9.7, the fluorescence recovery was higher than at pH ~ 7.0, as shown
in Figure 34. This result reveals that the negative charge of BSA and the interaction
between BSA and PT-Pip are directly proportional. Besides, due to the surfactant—like
character of BSA'Y, the hydrophobic regions of BSA can interact with the PT—Pip
backbone. As a results of the interaction between PT—Pip and BSA, the interchain
interaction of PT-Pip chains decreased and the fluorescence of PT-Pip increased.'*®

Figure 35. illustrates the fluorescence response of acid phosphatase against sensor array.
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Figure 35. Fluorescence spectra of the PT-Pip—AuNP complex solution prior and post
addition of Phos A (100 uM): (a) in TE buffer (pH = 7.08), (b) in TE buffer
(pH = 9.64), (¢) in water (pH = 7.0), and (d) in water (pH = 9.7)

The pl of Phos A (iron containing metalloenzyme) is 5.2. The MW is 69 kDa.!>’
Phos A had a negative net charge at pH ~ 7.0 and pH ~ 9.7. Upon addition, Phos A
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competed with the AuNPs to interact with PT—Pip. The competitive binding between
Phos A and AuNPs to PT-Pip resulted in the selective displacement of PT-Pip. At pH ~
7.0 and pH ~ 9.7, interaction between Phos A and PT-Pip decreased the fluorescence of
PT-Pip. At pH ~ 9.7, the electrostatic interaction between Phos A and PT-Pip was
greater, and the fluorescence intensity of PT—Pip further decreased, as shown in Figure
35. Iron—containing metalloproteins are efficient fluorescence quenchers.'”® Phos A
from potato tubers is a member of a binuclear metalloenzymes family.!* There are
three isoforms of Phos A isolated from potato tubers which contain either Fe(IIl)—
Zn(1), Fe(II)-Mn(II), or Fe(IIT)-Fe(II) heterovalent centers in their active site.'®! The
iron at the Fe(III)-M(II) centers is in oxidation states.'®> Therefore, the Fe(III)-M(II)
center of Phos A acting as a strong chromophore is responsible for the fluorescence
quenching of PT—Pip by electron transfer between Fe(Ill) and PT-Pip. Figure 36.

illustrates the fluorescence response of alkaline phosphatase against sensor array.
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Figure 36. Fluorescence spectra of the PT-Pip—AuNP complex prior and post addition
of Phos B (100 uM): (a) in TE buffer (pH = 7.08), (b) in TE buffer (pH =
9.64), (c) in water (pH = 7), and (d) in water (pH = 9.7)
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Phos B (Mg?*, and Zn>" containing metalloenzyme'®?) is a dimeric, membrane—
derived glycoprotein. The plI of Phos B is 5.7'%, and the MW is 160 kDa'®. Phos B had
a negative net charge at pH ~ 7 and pH ~ 9.7. The electrostatic interaction between Phos
B and PT-Pip disrupted the PT-Pip—AuNP complexation. The selective displacement of
PT—Pip resulted in fluorescence recovery. Electrostatic interaction between Phos B and
PT-Pip increased at higher pH values, as shown in Figure 36. However, these
interactions were not as pronounced as observed in BSA. Lower fluorescence
enhancement was observed due to the higher pI of Phos B.

The MW of Phos B is higher compared to the other proteins. Therefore, while
other proteins could interact with PT—Pip up to 46.8 uM, Phos B could interact up to 5.3

uM. Figure 37. illustrates the fluorescence response of protease against sensor array.
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Figure 37. Fluorescence spectra of the PT-Pip—AuNP complex prior and post addition
of protease (100 uM): (a) in TE buffer pH = (7.08), (b) in TE buffer pH =
(9.64), (c) in water (pH = 7), and (d) in water (pH =9.7)
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Protease is a Zn*>" containing metalloenzyme.!®® This protein is made up of a
non-glycosylated single polypeptide chain.'®” The pl of protease is 9.4. The MW is
27.287 kDa.!®®

Protease has a positive net charge at pH = 7 and a negative net charge at pH =
9.7. At pH ~ 7, as a result of the electrostatic interaction between positively charged
protease and negatively charged AuNPs, the PT-Pip—AuNP complexation was
dissociated and PT—Pip recovered its fluorescence, as seen in Figure 37. Moreover, at
pH = 9.7, electrostatic interaction between negatively charged protease and positively
charged PT—Pip resulted in disruption of the PT—Pip—AuNP complex. The selective
displacement of PT-Pip gave rise to fluorescence recovery at pH = 9.7. Figure 38.

illustrates the fluorescence response of cytochrome c against sensor array.
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Figure 38. Fluorescence spectra of the PT-Pip—AuNP complex prior and post addition
of CC (100 uM): (a) in TE buffer (pH = 7.08), (b) in TE buffer (pH = 9.64),
(c) in water (pH = 7), and (d) in water (pH = 9.7)
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The pl of CC is in a range of 10.0-10.5. The MW is 12.384 kDa. CC is a
metalloprotein with a small globular structure containing an iron porphyrin cofactor
(heme c¢).'® This heme group containing an electron—deficient Fe (III) is a strong

chromophore and quenches the excited state of the fluorescent polymer via an energy
170,171

and electron process , as seen in Figure 38. The energy and electron transfer

between fluorescent polymer and CC led to the fluorescence quenching. The

fluorescence quenching occurred as shown below:

PT—Pip + hv —_— PT-Pip*
PT-Pip*+CC —oF-— PT-Pip + CC*
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Figure 39. UV-visible spectra of reduced and oxidized form of CC protein.!’?

Figure 39. shows that the oxidized form of CC has two peaks at 530 nm (Q
band) and 408 nm (Soret band) in the UV—visible region, while the reduced form of CC
has three peaks at 550 nm and 521 nm (Q bands) and 414 nm (Soret band). The
emission of PT-Pip and the Q band of oxidized CC overlapped which proves that the
CC decreased the fluorescence of PT—Pip via an efficient resonance energy transfer
(RET). It is known from the literature that Fe*" can also quench the fluorescence by
electron transfer.!”>!’* As a results, the fluorescence quenching of PT-Pip by CC
occurred possibly by energy and electron transfer mechanism.

The CC protein had a positive net charge at pH ~ 7 and pH ~ 9.7. Higher pH
resulted in a lower positive charge on the CC. Therefore, at pH = 9.7, the charge state of

CC became less positive than at pH = 7. As a result of the weaker repulsive forces
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between CC and PT—Pip, the fluorescence quenching capacity of CC increased at pH ~
9.7, as shown in Figure 38.

This result indicates that the electrostatic attraction/repulsion between CC and
PT-Pip was still significant for efficient energy and electron transfer. Although
positively charged CC was not expected to interact with the cationic polymer due to the
repulsive forces, CC could still significantly quench the fluorescence of PT-Pip.!”
These results imply that electrostatic attractive forces are not indispensable for the

fluorescence quenching mechanism between CC and PT-Pip.

3.2.6. Statistical Analysis of Protein Sensing Assay

Two different methods were used to obtain the multi—dimensional fluorescence
responses for protein sensing studies. In the first method, the percentages of the
fluorescent intensity changes between the absence and presence of proteins were
calculated. In the second method, the percentages of the integrated fluorescent intensity
changes between the absence and presence of proteins were calculated.

The fluorescence intensity response patterns (A 1. %) of the PT-Pip—AuNP sensor array
against five proteins were calculated according to Equation 2 and are shown in Figure

40.

B TE (pH:7.08)
B TE (pH:9.64)
B Water (pH:7.00)
B Water (pH:9.70)

BSA
Phos A
Phos B.

Protease
CC.

Figure 40. Fluorescence response (A 1. %) patterns of the PT-Pip—AuNP sensor array
with different parameters (TE pH = 7.08; TE pH = 9.64; Water pH = 7,
Water pH = 9.7) against various proteins: BSA, bovine serum albumin; Phos
A, acid phosphatase; Phos B, alkaline phosphatase; protease; CC,
cytochrome c. Each value was an average of five parallel measurements
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Two different solvents and two different pH parameters were utilized to tune the
electrostatic interaction between the PT—Pip—AuNP complex and proteins. BSA and
Phos B induced fluorescence increment as a result of selective displacement of PT—Pip
due to the electrostatic interaction between PT—Pip and proteins. BSA was more
negatively charged than Phos B at similar pH values, as BSA had a lower pl. Therefore,
BSA induced more fluorescence increment compared to Phos B. Moreover, the
amphiphilic surfactant—like character of BSA contributed to the protein—induced PT—
Pip disagregation, thus increasing the fluorescence intensity of PT—Pip more effectively
than the other proteins.

Protease (Zn** containing metalloenzyme) was positively charged at pH = 7 and
negatively charged at pH = 9.7. Protease displayed distinct electrostatic interaction
behavior. It interacted with AuNPs at pH = 7 and with PT-Pip at pH = 9.7. Both
interactions resulted in fluorescence enhancements. Besides, the interaction between
protease and AuNP at neutral pH result in a higher fluorescence recovery compared to
interaction between protease and PT—Pip at basic pH.

The fluorescence quenching ability of iron—containing metalloproteins, i.e. CC
and PhosA, resulted in further fluorescence reduction of pre—quenched PT-Pip—AuNP
complexes, as seen in Figure 40.

The fluorescence response patterns of proteins obtained with the PT-Pip—AuNP
sensor array are displayed via scatter plot graphs in Figures 41. and Figure 42. to
investigate the disccrimination power of each sensor element. Each point has the value
of one variable determining the position on the horizontal axis and the value of the other

variable determining the position on the vertical axis.
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Figure 41. Scatter graph of simplified fluorescence response patterns obtained with the
PT-Pip—AuNP sensor array with different parameters against various
proteins (BSA; bovine serum albumin, Phos A; acid phosphatase, Phos B;
alkaline phosphatase, protease, CC, cytochrome c). (a) Scatter graph with
responses in TE buffer at two different pH values; (b) scatter graph with
responses in water at two different pH values
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Figure 42. Scatter graph of simplified fluorescence response patterns obtained with the
PT—Pip—AuNP sensor array with different parameters against various
proteins (BSA; bovine serum albumin, Phos A; acid phosphatase, Phos B;
alkaline phosphatase, protease, CC, cytochrome c). (a) Scatter graph with
responses in two different buffers at pH = 7; (b) scatter graph with responses
in two different buffers at pH = 9.7

The scatter plot graphs in Figure 41. (a) and (b) display the differentiation of
proteins by using a single buffer at two different pH values. It was observed that the
proteins were distinguished from each other better with TE buffer compared to MQ
water. The scatter plot graph in Figure 42. (a) and (b) represents the differentiation of
proteins by using two different solvents at constant pH. These graphs represents that the

proteins were distinguished successfully from each other at pH = 9.7 but not at pH = 7.
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Later, the fluorescence response patterns obtained by the four sensor elements
were used for protein identification and discrimination. The training set consisted of 100
data points (four factors x five proteins x five replicates) that were statistically analyzed

by the PCA method, as shown in Figure 43.
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Figure 43. PCA graph of simplified fluorescence response patterns obtained with the
PT—Pip—AuNP sensor array with four different parameters against various
proteins (BSA; bovine serum albumin, Phos A; acid phosphatase, Phos B;
alkaline phosphatase, protease, CC; cytochrome c)

PCA was used as a dimensional reduction method. This method enhanced the
analysis efficiency while reducing data loss.®® In this study, two—component PCA
explained 99.4% of the total variance, as shown in Figure 43.

Fluorescence response patterns against multidimensional sensor arrays were
clustered into five non—overlapping groups. These results indicated that PCA was an
appropriate method for clustering the fluorescence response patterns of five proteins
with comparable structures. For instance, although Phos B and Protease showed similar
fluorescence patterns against the sensor array, PCA clustered them into two distinct
groups. Similarly, both iron containing metalloenzymes Phos A and CC, which
quenched the fluorescence of PT—Pip, could be clustered into two non—overlapping
groups.

The integrated fluorescence response (area) patterns (A 1. %) of the PT—Pip—
AuNP sensor array against the five proteins were calculated according to Equation 2

and are shown in Figure 44.

62



B water (pH:9.7)
B Water (pH:7)
B TE (pH:9.64)
B TE (pH:7.08)

Al. % ! (a.u.)

BSA
Phos A,
Phos B

Protease
CC

Figure 44. Fluorescence response (A 1. %) patterns of the PT-Pip—AuNP sensor array
with different parameters (TE pH = 7.08; TE pH = 9.64; Water pH = 7,
Water pH = 9.7) against various proteins (BSA; bovine serum albumin, Phos
A; acid phosphatase, Phos B; alkaline phosphatase, protease, CC,
cytochrome c). Each value was an average of five parallel measurements

The proteins’ fluorescence response patterns were calculated by measuring
integrated fluorescence intensity (area). These response patterns displayed similar
results to the fluorescence response calculated by fluorescence intensity differences. In
Figures 45. and 46. , the scatter plot graphs are generated by using the fluorescence

response patterns given in Figure 44.
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Figure 45. Scatter graph of simplified fluorescence response patterns obtained with the
PT-Pip—AuNP sensor array with different parameters against various
proteins (BSA; bovine serum albumin, Phos A; acid phosphatase, Phos B;
alkaline phosphatase, protease, CC, cytochrome c). (a) Scatter graph
including responses in TE buffer with two different pH parameters; (b)
scatter graph including responses in MQ water with two different pH
parameters
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WATER

Figure 46. Scatter graph of simplified fluorescence response patterns obtained with the
PT-Pip—AuNP sensor array with different parameters against various
proteins (BSA; bovine serum albumin, Phos A; acid phosphatase, Phos B;
alkaline phosphatase, protease, CC, cytochrome c). (a) Scatter graph
including responses in two different buffer parameters at pH = 7; (b) scatter

two different pH values. As seen in Figure 45. (a) and (b), there was no overlap between
the clusters of proteins. The scatter graphs in Figure 46. (a) and (b) illustrates the
experimental results using two different buffers at constant pH. It was observed that the
proteins’ fluorescence response were clustered without overlapping at pH = 9.7, but not
at pH = 7. For the statistical analysis, 100 data points (four factors x five proteins X five

replicates) were used as a training set. The proteins’ integrated fluorescence responses
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graph including responses in two different buffer parameters at pH = 9.7

This sensor enabled discrimination of five proteins by using a single solvent at

were analyzed by PCA, as shown in Figure 47.

Figure 47. PCA graph of simplified fluorescence response patterns obtained with the
PT-Pip—AuNP sensor array with four parameters against various proteins
(BSA; bovine serum albumin, Phos A; acid phosphatase, Phos B; alkaline
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It was observed that both the fluorescence intensity and integrated fluorescence
intensity (area) calculation methods yielded similar discrimination results. When these
two statistical analysis methods were compared, it was obvious that using the
fluorescent intensities more efficiently discriminated the five proteins. Therefore this
calculation method could be used to develop a robust biosensor for biomolecule
detection and identification for further experiments. LoD of each sensor element for

each protein was calculated according to Equation 3.

Table 4. LoD values of sensor elements for proteins

TE PH=17 TE PH = 9.64 WATER PH =7 WATER PH =9.7
BSA 17.73uM 12.10 pM 19.81 uM 6.68 uM
PhosA 14.41 uM 11.07 uM 14.70 uM 12.87 uM
Phos B 45.48 uM 6.07 uM 11.05 uM 7.65 uM
Protease 133.63 uM 397.07 uM 118.84 uM 47.19 uM
CC 18.39 pM 19.18 pM 27.87 uM 27.12 uM

The LoD value is the minimum concentration that is measurable or detectable
with statistical significance by a given procedure. The LoD values of the four different
sensor elements for five different proteins are presented in Table 4. The detection limit
of each sensor element is shown in Table 4. The LoD values of the protein sensor array
were 46.8 uM for Phos A, BSA, CC, and protease and 5.3 uM for Phos B. In summary,
the combination of the fluorescence turn on/off sensor array with PCA methods could
succesfully distinguish five protein. Moreover, these sensor array showed high
selectivity to iron containing metalloenzyme.

PT derivatives were used as a fluorescence transducing element in many sensor
application for protein detection and discrimination. Abérem et al. developed a sensor
array using the combination of water soluble cationic PT derivative and DNA aptamer
to detect human thrombin.!”® Initially, introducing DNA aptamer to the fluorescent PT
derivative induced aggregation and fluorescence quenching. Upon addition of human
thrombin, the conformation of DNA aptamer changed from unfolded to a folded
structure, which then recovered the fluorescence of PT derivative. The limit of detection
(LOD) of this sensor for human thrombin was 6.2 x 107! M.

Wu et al. reported a colorimetric and fluorescence sensor using an anionic PT
derivative to detect protamine, which is arginine-rich and strongly basic protein.'”’

Upon addition of cationic protamine to the anionic PT derivative, the complexation
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between protamine and PT derivative through multiple electrostatic interactions was
observed. These interactions induced the conformational transition and aggregation of
PT derivative, which quenched the fluorescence and changed the color of polymer. This
color change enabled the detection of protamine by PT derivative with the detection
limit of 0.1 ug mL™!. Although these sensors show high sensitivity and selectivity to
target protein, they can not be useful for simultaneous detection of multiple proteins,
and moreover former sensor array was very labor intensive and time consuming.

You et al. also proposed a chemical ‘‘nose/tongue’’sensor array containing six
cationic gold nanoparticles as an efficient fluorescence quenchers and a poly(p—
phenyleneethynylene) as a fluorescence indicator to detect and discriminate seven
proteins.'?® Initially, the fluorescence of polymer was quenched by nanoparticles, the
protein addition created fluorescence alteration by interacting with AuNP. The
fluorogenic responses of proteins were evaluated by LDA, and seven proteins
discriminated for 5 uM protein concentration.

In this thesis, we reported a novel fluorescence turn on—off sensor array for the
first time to detect and discriminate five different proteins by using cationic PT-Pip, in
combination with anionic AuNP. After fluorescence quenching of cationic PT—Pip by
anionic AuNPs, the protein sensing event occured, which relied on the competitive
interaction between proteins and AuNP against PT—Pip. As a result of this interactions,
distinct multidimentional fluorogenic responses were obtained for each protein. The
LoD values of the protein sensor array were 46.8 uM for Phos A, BSA, CC, and
protease, and 5.3 pM for Phos B. Moreover, compared to the similar sensor arrays in
literature, this sensor array containing 4 sensor elements showed a high selectivity to
iron containing metalloproteins; such as Phos A, and CC. The ferric ion is known to be
among the most effective fluorescence quenchers due to its paramagnetic nature.!”® Tu
et al reported a sensor containing pre—quenched copolymer—ATP complex, which
displayed sensitive and selective fluorometric and colorimetric recovery in response to
A" among various metal ions.!'"* This study also revealed that the Fe** could
significantly quench the fluorescence of PT random copolymer. CC is an iron—
containing metalloprotein, which favors electron transfer through the Fe ** and energy
transfer through the porphyrin ring. Although the sensors developed for CC detection
to date are based on the fluorescence quenching of anionic polymers by the electrostatic

interaction between cationic CC and anionic fluorescent polymers. It has been observed
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that even at high pH, at which CC was slightly negative, CC could still quench the
fluorescence of anionic polymers with low quenching efficiency.

Therefore, the protein sensor developed in this thesis reveals that the
fluorescence of the cationic PT—Pip is quenched by the positively charged CC by energy
and electron transfer.!”” Besides, the fluorescence quenching efficiency was further
increased at high pH with the decrease of positive charge of CC. These results are
compatible with the literature. Similar fluorescence quenching was observed for Phos
A, due to the electron transfer between Fe*' on the heterovalent active site of Phos A

and PT-Pip.'”

3.3. Ratiometric Sensing of Mammalian Cells

This study aimed to develop a robust biosensor for the discrimination of
different mammalian cell lines, including healthy, cancerous, and metastatic cells
according to their cell membrane surface properties. Initially, the buffers and

mammalian cell concentration were optimized for mammalian cell sensing applications.

3.3.1. Optimization of Buffer Types and Cell Concentration

The pre—quenched PT-Pip—AuNP complexes were titrated by DMEM media, in
which the mammalian cells were grown, and MQ water to observe the effects of

DMEM on sensing mechanism

a) b)
® —— 50pl AuNP 80 — 50ul AUNP
—— 100p! MQ water — 100ul DMEM
60 60
w40 = 40
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Figure 48. Fluorescence spectra of PT—Pip—AuNP complex titrated by (a) MQ water
and (b) DMEM
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The fluorescence of PT—Pip slightly decreased upon addition of MQ water due
to the dilution effect. On the other hand, DMEM addition caused a significant decrease
in fluorescence intensity, as shown in Figure 48. This decrease resulted from the phenol
red dye (phenolsulfonphthalein) in DMEM media. The phenol red dye absorbed light at
560 nm'®® which is close to the emission maximum of PT—Pip (538 nm). As a result of
spectral overlap, the fluorescence of PT-Pip was almost completely quenched by
phenol red dye via energy transfer. In the ligth of these results, following experiments

were performed using MQ water as an optimum solvent.

# —— 70ul AUNP 80 —— 704l AuNP
100! SAOS-2 —— 100yl SAOS-2
60 60
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Figure 49. Fluorescence spectra of PT-Pip—AuNP complex titrated by low
concentration (left) and high concentration (right) of SAOS-2 cells

Strong interaction between cells and PT-Pip was observed at concentration of
200,000 (left graph) and 2,000,000 (right graph) cells, as shown in Figure 49. No
significant difference was observed between the responses of 200,000 cells and
2,000,000 cells. Therefore, the cell concentration was fixed at 200,000 cells/uL. Table 5
shows the seven mammalian cell lines incluiding metastatic, cancerous, and healthy

cells which were used as analytes.

Tablo 5. Mammalian cell lines used for the study

Origin Tissue Cell line Disease

Human Breast; mammary gland MDA-MB-231 Metastatic Adenocarcinoma
Human Breast; mammary gland MCF-7 Cancerous Adenocarcinoma
Human Bone SAOS-2 Metastatic Osteosarcoma
Human Bone; marrow SH-SY5Y Cancerous Neuroblastoma
Human Uterus; cervix HeLa Cancerous Adenocarcinoma
Mouse Embryo NIH/3T3 Normal Healthy

Cow Eye; cornea BCE C/D-1b Normal Healthy
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The mammalian cell-sensing assay was carried out three times for seven cell

lines using 200,000 cells/100 ul in MQ water. The results are shown in Figure 50.
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Figure 50. Fluorescence spectra of PT-Pip—AuNP complexes titrated by (a) BCE C/D—
1b, (b) NIH/3T3, (¢) MDA-MB-231, (d) MCF-7, (e¢) HeLa, (f) SAOS-2,
and (g) SH-SYS5Y, and (h) fluorescence alteration created by cell addition
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Figure 50. illustrates the fluorescence spectra of PT-Pip—AuNP complexes
titrated by different mammalian cell lines. Unique interactions between PT—Pip and
seven different cell lines were observed.

PT-Pip emitted light between 535 nm and 538 nm which was related to
intrachain interactions and indicated that the polymer was non—planar and had random—
coil conformation.'*® After fluorescence quenching of PT-Pip with AuNP, the
fluorescence maximum of the PT—Pip shifted to longer wavelengths (ranging from 538
nm to 544 nm) indicating the formation of the PT-Pip—AuNP complex. As seen from
Figure 50. (h), cell addition resulted in non—planar to planar conformational transition
of the PT-Pip backbone due to the hydrogen bonding or hydrophobic interaction
established between PT-Pip and cell surfaces.!** The interaction between PT-Pip and
cells did not induce fluorescence recovery, indicating that the PT—Pip—AuNP
complexation still existed.

Novel peaks appeared at 586 nm and 632 nm (as a shoulder) due to the
planarization of the polymeric backbone. Therefore, the PT—Pip backbone adopted a
more rod—shaped conformation as a result of PT-Pip—AuNP—cell interactions. The
intensity of the emitted light at longer wavelengths was also decreased upon addition of
cells. This fluorescence decrement indicated aggregation of PT—Pip chains arising from
interchain interactions. '

The ratio of fluorescence intensities corresponding to 542 nm, 586 nm, and 632
nm varied from cell to cell. These distinct ratios proved the existence of unique
electrostatic, hyrophobic, or hydrophobic interactions between the PT—Pip—AuNP
complex and each cell. The Amax of the PT-Pip—AuNP complex, 542 nm, was called ..
The novel peak at 586 nm was called I>. The shoulder at 632 nm was called I3. The
ratios of I/ I and I3/ I were calculated to obtain the fluorescence response of each cell

line.
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Figure 51. Fluorescence intensity ratio of the emitted light of PT—Pip at (a) 586 nm/ 542
nm and (b) 632 nm/542 nm for seven cell lines

This preliminary results showed that the fluorescence ratios of I2/I1 and I3/l
varied between different cell types, as seen in Figure 51. The differences between the
fluorescence intensity ratios for different cell lines were used to reveal the unique but
subtle differences between normal, cancerous, and healthy cells. The ratios of fixed

wavelengths were used for the ratiometric sensing of mammalian cells.

3.3.2. Alamarblue Assay

Cells were submitted to alamarBlue assay to investigate cell viability in different
buffer systems. Initially, the cell viabilites of adherent cells and suspended cells (in
DMEM) were compared. The viability of adherent cells was 45.51%, while the viability
of suspended cells was 35.22%. The viability of the suspended cells relative to the
adherent cell was 77.39%.

The viability of cells suspended in water, 1X TE buffer, and 25 mM HEPES
buffer was compared. 25 mM HEPES buffer was selected, as HEPES buffer is widely
used in biosensor applications containing PT derivatives and biological analytes.!?%!8!
The viability of cells suspended in water was 45%. The viability of cells suspended in
1X TE buffer was 52.7%. The viability of cells suspended in 25 mM HEPES buffer was
82.5%. The viabilities of cells were higher in TE buffer and HEPES buffer than in MQ
water. The highest viability was obtained in the 25 mM HEPES buffer.

To investigate the effects of 25 mM HEPES and 1X TE buffer on the sensing

mechanism, PT-Pip was diluted by MQ water, HEPES, and TE buffer, individually.
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The PT—Pip—AuNP complex was then titrated with HEPES and TE buffer (without

cells). The results are shown in Figure 52.
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Figure 52. Fluorescence spectra of PT-Pip—AuNP complex (black curve) titrated by
HEPES and TE buffer: (a) PT-Pip (in water)-AuNP complex titrated by 25
mM HEPES buffer, (b) PT-Pip (in water)-AuNP complex titrated by 1X TE
buffer, (c) PT-Pip (in 25 mM HEPES)-AuNP complex titrated by 25 mM
HEPES bufter, and (d) PT-Pip (in 1X TE)-AuNP complex titrated by 1X TE
buffer

PT-Pip diluted with MQ water was quenched by AuNPs. Addition of HEPES
buffer slightly increased the fluorescence of the PT—Pip, as seen in Figure 52. (a). Under
the same parameters, the TE buffer caused a more significant fluorescence increase than
the HEPES buffer, as seen in Figure 52. (b).

Dilution of PT—Pip with HEPES and TE buffer increased the initial fluorescence

intensity of the polymer and reduced the fluorescence quenching efficiency of AuNPs.
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After fluorescence quenching, the addition of HEPES and TE buffer to the PT—Pip—
AuNP complex did not cause significant changes, as shown in Figure 52. (c) and (d).

To investigate the interaction between the PT—Pip—AuNP complex and
mammalian cells in the presence of TE and HEPES buffers, PT-Pip was diluted with
different solvents (water, TE, and HEPES buffer). Initially, AuNPs quenched the
fluorescence of PT—Pip. Then, the pre—quenched PT—Pip—AuNP complexes were
titrated with SAOS-2 cells (200,000 cells in 100 pl MQ water, in 1X TE buffer, and in
25 mM HEPES buffer). The fluorescence spectra of the experiments are given in Figure

53.
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Figure 53. PT-Pip—AuNP complex titrated by SAOS-2 cells: (a) PT-Pip was diluted by
MQ water, SAOS-2 cells were suspended in HEPES buffer; (b) PT-Pip was
diluted by HEPES buffer, SAOS-2 cells were suspended in HEPES buffer;
(c) PT-Pip was diluted with MQ water, SAOS-2 cells were suspended in
TE buffer; (d) PT-Pip was diluted with TE buffer, SAOS-2 cells were
suspended in TE buffer
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The interaction between the PT-Pip—AuNP complex and cells was stronger
when PT—Pip was diluted with MQ water. Dilution of PT-Pip with TE or HEPES buffer
(at the beginning of the experiment) weakened the interaction between PT—Pip—AuNP
complex and cells, as shown in Figure 53. In light of these results, the cell sensing assay
studies were continued by diluting PT-Pip with water and by diluting cells with 25 mM
HEPES buffer and 1X TE buffer, individually. To exclude the high ionic strength of the
buffer, cell pellets were also added to the PT-Pip—AuNP complex directly without using

any solvents.

3.3.3. Ratiometric Sensing of Mammalian Cells and Zeta Potential
Analysis for Seven Cell Lines

This study aimed to develop a sensor array to discriminate seven cell line
according to their cell surface properties by using three sensor elements containing PT—
Pip—AuNP complexes. In the first sensor element; 200,000 cells were suspended in 100
ul 25 mM HEPES buffer and used as an analyte. In the second sensor element, cells
were suspended in 100 ul 1X TE buffer. In the third sensor element, cell pellets were
added directly into the PT-Pip—AuNP complex without using any buffer. The third
sensor element will be addressed as a ‘‘solvent free’’ parameter. Experiments were

conducted three times for each cell line with optimized sensor parameters.
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Figure 54. Fluorescence spectra of PT—Pip titrated by HelLa cells suspended in (a)
HEPES buffer, (b) TE buffer, and (c) solvent—free addition of cells
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Figure 55. Fluorescence spectra of PT—Pip titrated by NIH/3T3 cells suspended in (a)
HEPES buffer (b) TE buffer, and (c) solvent—free addition of cells
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Figure 56. Fluorescence spectra of PT—Pip titrated by SAOS-2 cells suspended in (a)
HEPES buffer, (b) TE buffer, and (c) solvent—free addition of cells
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Figure 57. Fluorescence spectra of PT—Pip titrated by MCF-7 cells suspended in (a)
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HEPES buffer, (b) TE buffer, and (c) solvent—free addition of cells
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Figure 58. Fluorescence spectra of PT—Pip titrated by MDA-MB-231 cells suspended
in (a) HEPES buffer, (b) TE buffer, and (c¢) solvent—free addition of cells
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Figure 59. Fluorescence spectra of PT—Pip titrated by BCE C/D—1b cells suspended in
(a) HEPES buffer, (b) TE buffer, and (c) solvent—free addition of cells
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Figure 60. Fluorescence spectra of PT—Pip titrated by SH-SYS5Y cells suspended in (a)
HEPES buffer, (b) TE buffer, and (c) solvent—free addition of cells

The fluorescence spectra of the cell sensing assay with seven cell lines are given
in Figures 54—60. The seven cell lines interacted with the PT-Pip—AuNP complex with
various affinities. These affinity differences arose from cell surface physicochemical
properties. This diversity in the cells’ membrane compositions resulted in charge
differences of the cell membrane surfaces. Charge differences in the cell membrane
surfaces of the seven cell lines altered mainly the electrostatic interactions between cells
and the PT-Pip—AuNP complex. The ratios of the three Imax values vary from cell to
cell, as shown in Figure 61. Zeta potential analysis was carried out for each cell line to

compare the fluorogenic responses and zeta potentials, as seen in Figure 61. (c).
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Figure 61. Ratiometric fluorescence response of PT-Pip—AuNP complex to seven cell
lines and zeta potential measurement of cells in buffer. (a) 12/ Ii ratios of
seven cell lines in HEPES (25 mM), in TE (1X), and solvent free; (b) I3/ i
ratios of seven cell lines in HEPES (25 mM), in TE (1X) ,and solvent free;
(c) zeta—potential of seven cell lines in HEPES (25 mM)
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The five types of human cancer and metastatic cells originated from the breast,
bone, and uterus. The two types of normal cells originated from mouse embryo and cow
cornea, as shown in Table 5. The multidimensional fluorescence responses of cells were
quantified by the ratio of I1 to I2 and I to 11, as shown in Figure 61. (a) and (b). Distinct
fluorogenic responses were obtained especially for three cells: HeLa, SAOS-2, and
NIH/3T3, which indicated that these three cell lines strongly interacted with PT—Pip—
AuNP complexes. On the other hand, BCE C/D-1b, MCF-7, MDA-MB-231, and SH—
SYS5Y showed similar fluorogenic responses to the sensor array.

To investigate the relation between cell surface charge and fluorogenic
responses, the zeta potential measurement was performed. BCE C/D 1b cells had the
lowest zeta potential among the seven cell lines. The advanced glycation end products
AGE receptors (pl = 5.83)!%? found in the BCE C/D—1b cell membrane might contribute
to the very low zeta potential of BCE C/D 1b cells. The second—lowest zeta potential,
belonging to the NIH/3T3 cell membrane, might arise from tyrosine kinase ARK
receptors, which were highly expressed in NIH/3T3 cell membrane (pl = 5.27)!%3. HeLa
cells’ negative cell membrane resulted from phosphatidylethanolamine (PE) and
phosphatidylserine (PS) found on the membrane surface.'®* SAOS-2 cells, which had
the third-lowest membrane zeta potential, also had the characteristic membrane
phospholipid composition of cancer cells, as well as membrane receptors such as EGF
(pl = 6.26), and CaSR (pl = 5.62), which contributed to the negative charge of the
SAOS-2 cell membrane.

SH-SYS5Y, MCF-7, and MDA-MB-231 had less negative zeta potential on
their membrane surfaces. Although SH-SYS5Y had the characteristic membrane
phospholipid composition of cancer cells, this cell line expressed some positively
charged receptors at pH = 7, such as dopamine receptor subtypes (pl = 9.55, pI = 9.2)!%
and G—protein coupled muscarinic receptors (pI = 9:33)!%®, which reduced the negative
charge on the cell membrane. The zeta potential value of MCF-7 cells was higher than
that of the other cell lines but MDA-MB-231 due to estrogen receptors (pl = 10.1),
which were abundant in the MCF-7 cell membrane and had positive net charge at
neutral pH.'®”!% Since anionic DAG glycerides were abundant in the MDA-MB-231
cell membrane (51.7%)%, the cell membrane zeta potential was expected to be quite
negative. However, the zeta potential value measured higher than expected. This charge

difference may arise from the A2b adenosine receptors of the MDA-MB-231 cell
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membrane. These receptors control the growth and proliferation of tumor cells and have
a positive net charge at neutral pH.'®’

Generally, cancer cells’ membrane surface had more negative charges compared
to healthy cells. In healthy cells, charged lipids were asymmetrically distributed
between the two leaflets, but cancer cells could not maintain this asymmetric
distribution.®” Besides phospholipid distribution, the high concentration of negatively
charged sialic acid in the cancer membranes and increased lactic acid secretion due to
high-speed glycolysis reduced the cell membrane surface charges of cancerous cells.”*~
> However, there are studies in the literature that conflict with this generalization. For
example, Selvi et al. measured the zeta—potentials of HeLa and NIH/3T3 cells as =7 mV
and —14 mV, respectively, in a 40 mM HEPES buffer.!”® Zhang et al. measured the
zeta—potentials of MCF10A and MCF7 cells as —31.16 mV and —20.32 mV."!

Metastatic properties of cells have been characterized by altered lipid
compositions and cell surface membrane fluidity, which is affected by the amount of
cholesterol,  cholesterol/phospholipid  ratio, fatty acid composition, and
phosphatidylcholine/ phosphatidylethanolamine ratio.'®?> For instance, increase in high-
MW sialylated glycoproteins (negatively charged) at the surface of cells, and decrease
in membrane cholesterol content cause an increase on membrane fluidity and plasticity,
which is associated with metastatic ability.'”>> The alterations in cell membrane
composition changes the surface charge of the cells. While overexpressed sialic acid
significantly reduces the surface charge of metastatic cells, the low level of cholesterol
on the surface of cell membrane cause an increase on the surface charge by enhanced
Na" ion binding with the lipid headgroups.!** Many studies investigating the membrane
surface differences of cancer and metastatic cells have shown a direct relationship
between cell surface negativity and metastatic potential.'**»!®> For instance, Riedl et al.
measured the zeta potential of noncancer cells NHDF, low tumorigenic melanoma cells
from primary lesions SBcl-2 and melanoma cells from metastases WM164. Results
showed that NHDF cell has the highest zeta potential, and the WM164 cell has the
lowest zeta potential.'*®

In our study, the interaction between cells and the PT-Pip—AuNP complex did
not correlate with the zeta potentials of the cell membrane surfaces, suggesting that
there may be hydrophobic interactions as well as electrostatic interactions between the
PT-Pip-AuNP complex and the phospholipids, membrane proteins and carbohydrates of

the cell surface.
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3.3.4. Statistical Analysis of Cell Sensing Assay

The multidimentional fluorescence response patterns of seven cell lines obtained
by the ratios of Imax values of cell-sensing experiments were statistically evaluated by

PCA. The PCA graphs are shown in Figure 62.
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Figure 62. Detection and differentiation of different mammalian cells. A PCA plots for
the first two factors of simplified fluorescence response patterns obtained
with sensor arrays against seven mammalian cells. (a) PCA plot for the
fluorescence responses of BCE C/D—-1b, NIH/3T3, MDA-MB-231, MCF-7,
SAOS-2, SH-SYS5Y, and HeLa cell lines; (b) PCA plot for the fluorescence
responses of BCE C/D-1b, MDA-MB-231, MCF-7, and SH-SYS5Y. Each
value is an average of three parallel measurements

Statistical analysis of the training matrix containing 126 data points which
consisted of (six factors x seven cells x three replicates) was carried out via PCA. Each
point showed a response pattern for different cell types against the fluorescence sensor
array. HelLa, NIH/3T3, and SAOS-2 cell lines were clustered into three non—

overlapping groups, as shown in Figure 62. (a) (p—value < 0.05) due to the strong
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interaction between cells and the PT—Pip—AuNP complex. The fluorescence responses
of MDA-MB 231, MCF-7, SH-SYS5Y, and BCE C/D 1b cell lines were compressed
but not overlapped in the PCA plot. None of our test results were outliers.

The fluorescence response patterns of the MCF-7, MDA-MB-231, SH-SYS5Y,
and BCE C/D 1b cells were analyzed by the second PCA, as shown in Figure 62. (b).
Although the results for a single cell were spread over a wide area in the second PCA
plot, MCF-7, MDA-MB 231, SH-SYS5Y, and BCE C/D 1b did not overlap with each
other, as seen in Figure 62. (b). Outlier analysis shows that none of our test results were
outliers.

Bajaj et al. decribed an array based system using the conjugates between 3
cationic nanoparticle (NP) an a fluorescent poly(para—phenyleneethynylene) (PPE). The
fluorescence of PPE was quenched with the NP via a non—covalent, electrostatic
interactions. Upon addition of mammalian cells to the pre—quenched NP-PPE
complexes, the competitive binding between NP-PPE complexes and cells was
observed. The cationic NPs exhibited different affinities to dissimilar cell surfaces,
which resulted in the selective displacement of PPE regenerating fluorescence
alterations. This sensor array was able to distinguish between 4 different cancer types;
MCF7, HeLa, NT2,and HepG, 3 different mammalian cell types; MCF10A,MCF7 and
MDA-MB-231, and 3 different isogenic cell types; TD,V14, and CDBgeo. However,
the discriminative power of the sensor decreased in complex training matrix containing
2 cancer; TD, MCF7, 2 normal; MF10A, CDBgeo and 2 metastatic, MDA-MB-231,
V14 cell types with the same sensor. Same group was also developed an array based
sensing system to discriminate four different human cancer cell lines; Hela, MCF7,
HepG2, and NT2 and three isogenic cell lines; CDBgeo, TD, and V14 by using a
combination of PPE derivatives. Although this sensor can clearly discriminate isogenic
cell lines, the three of the four cancer cell lines were compressed in LDA plot.

In our study, we aimed to differentiate metastatic, cancer, and normal cells
depending on the membrane surface features, by using differential affinity based
approach as opposed to specific biomarker recognition. The PT—Pip—AuNP complexes
showed different aggregation behaviors on the cell surfaces through both electrostatic,
and hyrophobic interactions etc. between lipids, proteins, and polysaccharides on the
cell surfaces, which enabled the ratiometric sensing of mammalian cells. Although the
cell lines were not clustered as metastatic, cancerous, and normal cell lines by PCA,

these cell lines were successfully clustered into seven non—overlapping groups in the
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PCA plot. The combination of PT—Pip—AuNP sensor elements and the PCA method
became a powerful non—targeted approach to provide a model for detection of cancer in
clinical settings. This sensor, developed with a single PT and a single AuNP derivative,
is comparable to its counterparts in the literature in terms of its power to discriminate

different cell types.

3.3.5. Fluorescence Imaging of Cells

The interaction between PT—Pip—AuNP and cells, and PT-Pip localization in
solution obtained after cell sensing experiments were investigated by fluorescence

microscopy.

20X

40X

Figure 63. Cellular fluorescence imaging of PT—Pip—AuNP complex in HeLa cells
suspended in 25 mM HEPES buffer. Scale bars of 20X and 40X
magnifications are 50 pm and 20 um, respectively

The distribution of PT-Pip—AuNP complex in 25 mM HEPES buffer was not
homogeneous. Rather, the PT-Pip—AuNP complexes accumulated close to the HeLa
cells in 25 mM HEPES buffer, as shown in Figure 63.

The fluorescence images of solution consisting of PT-Pip—AuNP complexes and
cervical cancer cells (HeLa cells) and healthy mouse embryonic fibroblast cells

(NIH/3T3 cells) (obtained from the cell-sensing assay) were compared to observe the
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accumulation and localization of PT—Pip, as shown in Figure 64. and 65. These solution

were examined after PFA fixation of cells and DAPI staining of nuclei of cells.

DAPI PT DAPI-PT

20X

40X

Figure 64. Fluorescence and merged images of NIH/3T3 cells using DAPI (1:1000 in
1X PBS) and PT-Pip as the cell fluorescence staining agents. Scale bars of
20X and 40X magnifications are 50 um and 20 pm, respectively

DAPI PT DAPI-PT

20X

40X

Figure 65. Fluorescence and merged images of HeLa cells using DAPI (1:1000 in 1X
PBS) and PT-Pip as the cell fluorescence staining agents. Scale bars of 20X
and 40X magnifications are 50 um and 20 pm, respectively

In Figure 64. and 65, the left columns represent the nuclei of cells stained with
DAPI dye. The middle columns display PT—Pip distribution in the sample, and the right
columns are merged images of the previous two columns. As seen in the merged images
of Figures 64. and 65, PT-Pip showed no diffuse signal in the nuclei of the treated cells.

In contrast, signals for the polymer were located in the cytoplasm or perinuclear areas.
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Similar patterns of signal distribution were observed for healthy cells and cancerous
cells. Transportation of macromolecules between the cytoplasm and the nucleus was
mediated by the nuclear pore complex (NPC), the size of which was between 5 nm and
10 nm.'* The hydrodynamic radius of PT—Pip was reported to be approximately 13 nm
in water solution (random coil conformation).!®” The nuclear pores of cancer cells were
larger, and their nuclear membrane structures were different from those of healthy
cells.!? It is known from our group’s study that PT-Pip can diffuse into the cancerous
cell nucleus after 4-5 hours of incubation. As our experimental procedure did not
include an incubation step, PT-Pip could not diffuse into the cell nucleus, and no
significant difference was observed in the accumulation and localization of PT—Pip

between cancer cells and healthy cells by fluorescence microscopy.

3.4. Indirect Sensing of Amino Acids

The objective of the study is to develop an efficient biosensor for amino acid
detection and discrimination. Discrimination of amino acids by the non—covalent PT—
Pip—AuNP complexes were aimed to achieved by the selective interaction between
amino acid’s distinct radical group and sensor elements. Initial optimization step was

performed for the amino acid concentration.

3.4.1. Optimization of Amino Acid Concentrations

The solubility values of each amino acid in water at pH = 7 were found on the
Sigma—Aldrich Company website. Amino acid solutions were prepared at their
maximum solubility to observe the maximum fluorescence response for each amino
acid. The fluorescence of PT—Pip was quenched by AuNPs; then, the pre—quenched PT—
Pip—AuNP complex was treated with 20 amino acids individually. Fluorescence spectra
are given in Figures 66—70.

Figure 66. illustrates the fluorescence responses of non-polar aliphatic amino

acids against the sensor.

89



— 70pl AUNP
— 1yl Alalnine
— 5l
] — 10yl
- — 20yl
v —— 50ul
N —— 100p!
S
0 . x T . | s} T x , ,
450 500 550 600 650 700 450 500 550 800 650 700
wavelength (nm) wavelength (nm)
c) d)
S0 — 70l AuNP &l — 70ul AuNP
— 1yl Valine — 1ul Leucine
] e
— 10l ) —10ul
— 20l ; — 20yl
— 50l =504l
— 100p! — 100u!
G | == 150pl — 1504l
0 T + T y 0 ; r : T
450 500 550 600 650 700 450 500 550 600 650 700
wavelength (nm) wavelength (nm)
e) f)
Sl —— 70ul AUNP i —— 70pl AuNP
—— 1yl Methionine 40 fﬁiﬁ —— 1l Isoleucine
— 5l Vs W — 5l
] — 10l 30 V \ ] —10pl
~ — 204l . iy \ —— 204
w 'S
— 50l 20 N — 50ul
— 100l J — 100u
— 150pl 10{ # — 150l
o , ; T r 0 r - + + |
450 500 550 600 650 70O 450 500 550 600 650 700
wavelength (nm) wavelength (nm)

Figure 66. Fluorogenic response of nonpolar aliphatic amino acids: (a) glycine 3330
mM in MQ water, (b) L—-alanine 1000.1 mM in MQ water, (c) L—valine 756
mM in MQ water, (d) L-leucine 175 mM in MQ water, (¢) L-methionine
322 mM in MQ water, and (f) L—isoleucine 314 mM in MQ water

Figure 67. illustrates the fluorescence responses of polar uncharged amino acids against
the sensor.



Figure 67. Fluorogenic response of polar uncharged amino acids: (a) L—serine 3.422 M
in MQ water, (b) L—threonine 719 mM in MQ water, (c) L—cysteine 8§25 mM
in MQ water, (d) L—proline 998 mM in MQ water, (e¢) L—asparagine 189
mM in MQ water, and (f) L—glutamine 102 mM in MQ water
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Figure 68. illustrates the fluorescence responses of aromatic amino acids against

the sensor.
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Figure 68. Fluorogenic response of aromatic amino acids: (a) L-phenylalanine 99.8 mM
in MQ water, (b) L—tyrosine 2.6 mM in MQ water, and (¢) L—tryptophan 56

mM in MQ water

Figure 69. illustrates the fluorescence responses of positively charged amino

acids against the sensor.
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Figure 69. Fluorogenic response of basic amino acids: (a) L-lysine 2051 mM in MQ
water, (b) L—arginine 1.045 M in MQ water, and (c) L-histidine 277 mM in

MQ water

Figure 70. illustrates the fluorescence responses of negatively charged amino

acids against the sensor.
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Figure 70. Fluorogenic responses of acidic amino acids: (a) L—glutamic acid 59 mM in
MQ water, and (b) L—aspartic acid 32 mM in MQ water
The fluorescence response of each amino acid is given in Figure 71.
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Figure 71. Fluorescence response pattern of 20 amino acids. 20 amino acid solutions
were prepared at their maximum solubility in MQ water (pH = 7)

The fluorescence response patterns in Figure 71. were obtained by a
fluorescence titration study of 20 amino acids. The A 1. values were calculated by
Equation 2. This preliminary study showed that especially basic and acidic amino acids
interacted strongly with one of the sensor components and caused dissociation of the
non—covalent PT-Pip-AuNP complex. This selective displacement of PT—Pip created a
unique fluorogenic response for particular amino acids. Non—polar aliphatic amino acids
did not significantly alter the fluorescence of PT—Pip. In polar uncharged amino acids,
only L—cysteine enhanced the pre—quenched fluorescence of PT-Pip. Among aromatic
amino acids, only L—tryptophan created an increment in the fluorescence intensity.

To sense the differences arising only from the chemical structure of amino acids,
all amino acid solutions were prepared using water as the solvent at pH = 7 and pH =
9.8 with a concentration of 100 mM. The solubility of L—aspartic acid, L—glutamic acid,
L—tyrosine, and L—tryptophan was below 100 mM in MQ water. Therefore, L—aspartic
acid and L—glutamic acid could be prepared at 50 mM, L—tyrosine at 2.6 mM, and L—
tryptophan at 76 mM. The PT-Pip—AuNP complex was then treated with these amino
acids. Amino acid sensing experiments were repeated twice under identical conditions.
The fluorescence responses of 20 amino acids under two pH parameters are given in

Figure 72.
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Figure 72. Fluorescence response patterns of 20 amino acids. (a) Fluorescence response
patterns obtained in water (pH = 7); (b) fluorescence response patterns
obtained in water (pH = 9.8)

The addition of 20 amino acids to the pre—quenched PT-Pip—AuNP complex
created characteristic fluorescence alterations. Among the 20 proteinogenic amino
acids, L-lysine, L—arginine, L-histidine, L—aspartic acid, L—glutamic acid, L—cysteine,
and L—tryptophan significantly recovered the fluorescence of PT—Pip, as shown in

Figure 72.

3.4.2. Indirect Sensing of Amino Acids

Amino acid (50mM) sensing experiments using MQ water at pH = 7 and pH =

9.8 as the solvent were performed three times. Results are illustrated in Figure 73.
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Figure 73. Fluorescence spectra of PT-Pip—AuNP complex titrated by 20 proteinogenic
amino acids at 50 mM concentration except L—tyrosine (2.6 mM). The
right— and left—side graphs represent the fluorescence spectra of PT—Pip at
pH =9.8 and pH = 7.0, respectively. (Cont. on the next pages.)
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Identical experiments were carried out using MQ water at pH = 6 and pH = 8.2
as well as TE buffer at pH = 6, pH = 7, pH = 8.2, and pH = 9.8. the fluorescence
responses of 20 proteinogenic amino acids to a sensor array containing eight sensor

elements are given in Figures 74. and 75.
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Figure 74. Fluorescence response patterns of 20 amino acids at 50 mM concentration in
MQ water except L—tyrosine (2.6 mM). Each value is an average of three

parallel measurements
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Figure 75. Fluorescence response patterns of 20 amino acids at 50 mM concentration in
TE buffer except L-tyrosine (2.6 mM). Each value is an average of three

parallel measurements

Amino acid sensing experiments were performed three times, each with water

and TE buffer at pH = 6, pH =7, pH = 8,2, and pH = 9.8. It was observed that particular

amino acids such as L-lysine, L—arginine, L-histidine, L—aspartic acid, L—glutamic

acid, L—tryptophan, and L—cysteine disrupted the coordination of the PT—Pip—AuNP

complex and recovered the fluorescence of PT—Pip effectively.
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3.4.3. Investigation of the Interaction between PT-Pip, AuNPs and 20
Amino Acids via Fluorescence and UV-visible Spectroscopy

This study aimed to evaluate the role of AuNPs in the amino acid sensing
mechanism. The controlled experiments were carried out by introducing 20 amino acids
to PT—Pip solutions (without AuNPs) in MQ water at pH = 7. The fluorescence spectra

are given in Figure 76.
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Figure 76. Fluorogenic response pattern of PT-Pip (467 uM (monomer—based)) at pH =
7, after treating with 20 proteinogenic amino acids

Fluorescence spectra displayed increasing fluorescence intensity upon addition
of amino acids without showing selectivity to particular amino acids. The carboxyl
groups of amino acids which interacted with the positively charged polymer side—chains
reduced the interchain interaction of the polymer, thus increasing the solubility of PT—
Pip in water and enhancing the fluorescence. The 20 amino acids increased the
fluorescence intensity of PT—Pip at a similar rate, as shown in Figure 76. The results
show that there were no selective interactions between the amino acids and PT—Pip.
Functional groups of amino acids did not play a vital role on the interaction between
PT—Pip and the amino acids.

Therefore, the selective fluorescence alteration observed in this sensor array

originated from competitive binding between PT—Pip and amino acids to AuNPs. Thus,
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the unique fluorescence alterations were caused by the interactions between amino acids
and AuNPs.

Interactions between metals and amino acids are also known from biological
systems. Amino acids are known to have special affinities for some metal ions, which
play an essential role in metalloenzymes activities. For instance, Mn*" in
metalloenzymes has a significant affinity to L-aspartic and L-glutamic acids. Co*"
metal ions preferably bind to L-histidine, L—cysteine, L-aspartic acid, etc.!”®
The possible mechanism of interaction between amino acids and metal ions via

chelation'®” (without taking side chains into account) is explained in Figure 77.
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@]
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Figure 77. Complexation of amino acids and metal ions in fluorescence “turn—on”
amino acid sensor.>%

Guo et al. developed a fluorescence sensor for heavy metal ions, homocysteine
(HCy), and glutathione (GSH) detection.?’! The fluorescence—based sensor was created
by fluorescence quenching of PT derivative by Cu®* metal ions. Subsequent addition of
homocysteine and glutathione disrupted the PT-Cu?" complex coordination by
interacting with Cu?". The indirect sensing mechanism here, depending on the
mediation of the metal ion, resulted in the formation of the Cu**~GSH and Cu**~HCy
complexes. Therefore, this mechanism was demonstrated as an indirect “turn—on/off”
sensor to probe for these two amino acids. Similarly, Liu et al. also utilized a similar
sensing mechanism depending on indirect sensing of L—cysteine.??? Negatively charged
AuNPs quenched the fluorescence of cationic polymer (PDPMT—CI). The addition of
L—cysteine to the polymer—AuNP complex disrupted this coordination via L—cysteine—
AuNP interaction. Therefore, selective displacement of PDPMT-CI resulted in
fluorescence recovery. L—cysteine detection was achieved with an LoD of 1.39 x107!°
M.

In our study, some amino acids might snatch the AuNPs from the PT—Pip and

give rise to an indirect sensing approach by releasing PT—Pip into the solution phase. To
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investigate the interaction between AuNP and the 20 amino acids in detail, AuNP
solution (pH = 7) was titrated by the 20 amino acids individually. Figure 78. represents
the absorbance spectra of AuNPs titrated by the 20 amino acids.

AuNP
—_ — L-Glutamine — L-Histidine
=] —— L-Arginine —— L-Tryptophan
= —— L-Phenylalanine L-Leucine
§ — L-Asparticacid —— L-Threonine
9 — L-Glutamic acid —— L-Cysteine
é —— L-Lysine —— Glycine
2 — L-Isoleucine —— L-Alanine
— L-Methionine — L-Valine
—— L-Serine —— L-Asparagine
0060 500 600 700 800—— L-Proline — L-Tyrosine
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Figure 78. UV—visible spectra of AuNPs (0.15 pl) titrated by 20 amino acids (50 mM)

Among the 20 amino acids, the absorbance spectra of two different amino acids
(L—glutamic acid and L—-arginine) indicated strong interaction with AuNPs. Moreover,
the color of the AuNP solution changed from reddish to blue upon the addition of L—
glutamic acid and L—arginine, as shown in Figure 79. The absorbance spectra of these
two amino acids indicated that AuNP aggregation occurred due to AuNP—amino acid
complexation. Moreover, the addition of L—cysteine increased the absorbance intensity
without shifting the absorbance maximum of AuNP. It increased the color density of the
AuNP-L—cysteine solution as well, which indicated that L—cysteine interacted with

AuNPs without inducing aggregation.

L-ARGININE L-GLUTAMIC
ACID

L-CYSTEINE

Figure 79. Photograph of L—arginine, L—glutamic acid, and L—cysteine induced color
changes of AuNPs
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Two approaches have been proposed to understand the interaction between
AuNPs and amino acids. The first approach indicates that amino acids partially replace
the citrate capping on AuNPs, and the zwitterionic heads of neighboring amino acids
interact and generate amino acid clusters on the AuNP surface. Inducing electronic
dipoles through AuNPs gives rise to the formation of AuNP aggregates. The second
approach indicates that some amino acids interact explicitly with the surface of AuNPs
by radical chains. Hydrogen bonds between these amino acids on the adjacent AuNPs

resulted in the aggregation of AuNPs.?%
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Figure 80. Ionization steps of some amino acids, such as (a) L—glutamic acid, and (b)
L-lysine, as a function of pH.?*

Based on the amino acid dissociation graphs given in Figure 80, the pKa values
of the carboxyl, amino, and radical groups and the net charge of amino acids at different
pH values could be predicted.

The pKa of the a—carboxyl group of L—arginine was 2.17, the pKa of the a—
amino group was 9.04, and the pKa of the side chain was 12.48. At pH = 7, the +1
charged form of the amino acid was concentrated.”*> The addition of L-arginine to the
AuNP solution led to the formation of a new shoulder at 647 nm. This broad peak at a
longer wavelength indicated increased particle size and anisotropic optical properties
induced by L—arginine adsorption. Moreover, this broad new peak was consistent with
the nanoparticle aggregation. The interparticle distance AuNPs became lower than the
average particle size, and coupling of the SPR of two neighboring AuNPs occurred.?*

The interaction between L—arginine and AuNPs occurred as a result of anchoring
the positively charged guanidinium group of L-arginine on the negatively charged

AuNPs. The amino and carboxyl groups of L—arginine, which were left free, induced
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electrostatic interaction between neighboring amino acids on AuNPs, making stable
aggregates.””® The red-to-blue color change of the AuNP solution resulted from the
bathochromic shift of the absorption peak. Figure 81. illustrates the interactions between

L—arginine and AuNP.
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Figure 81. Possible interactions of L-arginine and AuNPs.2%

The pKa of the side chain of L—glutamic acid was 4.25, the pKa of the o—amino
group was 9.67, and the pKa of the a—carboxyl group was 2.19. The L—glutamic acid
was mainly —1 charged at pH = 7.2** L—glutamic acid caused aggregation of AuNPs, as
shown in Figure 78. The concentration of L—glutamic acid was crucial for AuNP
aggregation. While 1 mM L—glutamic acid was utilized to functionalize and stabilize the
AuNPs by interacting with AuNPs via the NH*" group®*®, higher concentrations of L—
glutamic acid ( 10 mM to 20 mM) caused aggregation of AuNPs.2*® In our study, the
final concentration of L—glutamic acid was 29.4 mM. It was an expected result that such
a high concentration led to AuNP aggregation.

L—aspartic acid, which is structurally very similar to L—glutamic acid, is known
to utilize AuNP synthesis. L-aspartic acid bonds with nanoparticle surfaces and
stabilizes by reducing chloroaurate ions. L—aspartic acid creates no difference in the
SPR peak of AuNPs. Nevertheless, in our study, L-aspartic and L—glutamic acid
interacted with AuNPs and disrupted the PT-Pip—AuNP complexation in amino acid
sensing experiments.

Guan et al. developed a sensor explaining the interaction between acidic amino
acids and AuNP.'""" After fluorescence quenching of cationic PT derivative by AuNPs,
20 amino acids were introduced to polymer—nanoparticle complexes. L—aspartic acid
and L-glutamic acid gave out one more H" in an aqueous solution compared to other
amino acids. Competitive electrostatic interaction between the cationic PT derivative

and H' ions occurred. H" ions were more prone to combining with AuNPs compared to
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PT. PT derivative was released into the solution phase and emitted light.'*” These
groups explained a possible fluorescence recovery mechanism schematically

represented in Figure 82.
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Figure 82. Schematic representation of fluorescence ‘‘turn—on’’” mechanism induced by
L-aspartic and L—glutamic acids.'¥’

In contrast to L—arginine and L—glutamic acid, L-lysine, L-histidine, L—aspartic
acid, L—tryptophan, and L—cysteine, which disrupted the PT-Pip—AuNP complex and
increased fluorescence intensity, did not change the absorbance of AuNPs. In the
literature, studies indicate that besides L—arginine and L—glutamic acid, other amino
acids could induce AuNP aggregation as well. Still, some amino acids require higher
concentrations than others to induce aggregation of AuNPs.

The absence of any change in the absorbance spectra of AuNPs with the addition
of amino acids did not in itself prove that there was no interaction between AuNPs and
amino acids. Amino acids that did not alter the SPR peak of AuNPs might be adsorbed
on the AuNP surface and make AuNP more stable. However, Doyen et al. indicated that
amino acids that did not cause any change in the absorbance of AuNPs and did not
cause any difference in the zeta potential of AuNPs were indeed not interacting with
AuNPs. 2%

The 13 amino acids that were zwitterionic molecules in physiological pH were
settled by the —NH3" group on the AuNP surface, while their -COO group made a
negative surface charge of the AuNPs. These relatively weaker interactions also led to
fluorescence enhancement, but not as much as the others.

Three amine—containing amino acids created significant fluorescence
enhancement in this sensor array. These strong interactions could be explained
electrostatically. When the amino groups in L-lysine (¢-amine group) and L—arginine

were converted to ammonium, it was adsorbed on the AuNP surface by electrostatic
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interaction.?’” The possible binding mechanisms of L-arginine and L-lysine to citrate—

capped AuNPs are given in Figure 81. and 83, respectively.
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Figure 83. Schematic representation of interaction between L—lysine and citrate—capped
AuNPs 2%

At the pH values used in this sensor, the amino group in the side chains of L—
lysine and L—arginine were mainly positively charged. Also, at pH = 9.74, which was
very close to the pl of the amino acid L—lysine, the amino group in the side chain was
still in the form of ammonium. As a result, the L—lysine and L—arginine side chains had
a strong affinity to negatively charged AuNP via their positively charged ammonium
groups. They disrupted the PT-Pip-AuNP complexation and enhanced fluorescence of
PT-Pip.

L-histidine, the third basic amino acid, has two nitrogen atoms in its side chain,
which have a weaker affinity (compared to L—arginine and L-lysine) for an H' ion
because L-histidine has a lower charge density. Some of the L-histidine in the solutions
was positive at a neutral pH. Therefore, the weaker basic character of L-histidine
reduced the affinity of L-histidine to AuNPs. It resulted in a weaker interaction between
AuNPs and L-histidine. However, L-histidine still significantly increased the
fluorescence of PT-Pip compared to other amino acids due to its basic character. This
fluorescence enhancement was less than that of L—arginine and L-lysine but more than
that of many other amino acids. The addition of L—tryptophan, a fluorescence amino

acid?"

, also increased the fluorescence of PT—Pip in water at pH = 6, pH = 7, and pH =
8.2. The indole group of L—tryptophan contains secondary amine, which interacted with
the gold surface besides the primary amine group. Still, it is known from the literature
that the primary interaction occurred via an a—amino group.?'® L—tryptophan required a

positively charged a—amino group to interact with negatively charged AuNPs. At pH =
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9.8, the fluorescence enhancement could not be observed, as the a—amino group of all
L—tryptophan is not completely positively charged in water at pH = 9.8. Although PT—
Pip—AuNP coordination was disrupted and PT—Pip was released into the solution phase
at pH =6, pH = 7, and pH = 8.2, this interaction was weaker than the interaction created
by the amine group in the side chain of basic amino acids. The fluorescence thus
increased with the addition of L—tryptophan, albeit less than with the basic amino acids.
Investigation of the fluorescence and UV—visible spectra during titration of PT—
Pip—AuNP complex by 20 amino acids at pH = 7 was carried out simultaneously.
Initially, the fluorescence of PT—Pip was quenched by AuNPs. Afterward, amino acid
solutions were added to the PT-Pip—AuNP complex. The fluorescence and UV—visible

spectra are given in Figure 84.
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Figure 85. Hypsochromic shifts in UV—visible maximum of PT—Pip—AuNP complex
induced by 20 proteinogenic amino acids

Upon addition of AuNPs, the fluorescence maximum of PT—Pip was red—shifted
from 538 nm to a longer wavelength, and the UV—visible maximum was red—shifted
(bathochromic shifts) from 408 nm to 416 nm. Blue shifts (hypsochromic shifts) of the
UV-visible maximum, as shown in Figure 85. and increasing fluorescence intensity
with the addition of amino acids were observed from the fluorescence spectra,
indicating that PT—Pip was released into the solution phase by disruption of the PT—
Pip—AuNP complex.

Except for L—cysteine, changes in the UV—visible maximum of PT—Pip induced
by amino acids were consistent with the amino acid-induced fluorescence increment
results of PT—Pip. It is known from the literature that AuNPs have high affinities to
some functional groups, such as cyano (—CN), mercapto (—SH), and amino (-NH2)
groups.”!! The interaction between L—cysteine and AuNPs was explained by thiolate
linkage between L—cysteine and AuNPs via the thiol group of L—cysteine due to the
peculiar affinity of S—atoms for gold.?'? Although L—cysteine did not induce AuNP
aggregation and did not create more hypsochromic shifts in the UV—visible maximum
of PT-Pip, it was known from the literature that L—cysteine addition alters the zeta
potential of AuNPs.?”* In light of this information, L—cysteine was thought to interact
with AuNPs due to the strong binding ability between L—cysteine and AuNPs and
enhanced the fluorescence of PT—Pip. A possible interaction between L—cysteine and

citrate—capped AuNPs is illustrated in Figure 86.

120



Figure 86.
AuNPs 213

HO_ cOoO
Cs
@ CHa
0 (O
Q 0
B\ B
W /00"
o + HS-CH;CHL
Au /g i NHE
o000 O 3
OE_F o
og 0d
HI. O
\3/
003 oM

—

¥
Ve \

0 zoi;
WY HI

003" “OH

Schematic representation of binding of L-cysteine to citrate—capped

3.4.4. Statistical Analysis of Amino Acid sensing assay

Fluorescence response patterns were analyzed by PCA, and results are illustrated

in 2D PCA plot, as seen in Figure 87.
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Figure 87. PCA graph of simplified fluorescence response patterns obtained with the
PT-Pip—AuNP sensor array with six parameters against 20 proteinogenic
amino acids

121



The basic amino acids (L-lysine, L-arginine, and L-histidine), which
significantly increased the fluorescence, are located in the upper right corner of the
graph. L—aspartic acid and L—glutamic acid are located very close to each other. They
could also be clustered into two non—overlapping groups by this sensor array. In
addition to acidic and basic amino acids, L-tryptophan and L—cysteine, which increased
fluorescence, clustered into two groups, successfully. Although 13 amino acids that did
not cause a significant increase in fluorescence were closely localized, L—glutamine and
L—phenylalanine could be differentiated among these 13 amino acids.

Detection and differentiation of L—lysine and L—arginine based on their positive
charge were essential. They play a vital role in biological events: the trypsin enzyme
recognizes both amino acids, and both amino acids take part in protein—protein
interactions. It is known that L-arginine plays an essential role in penetrating
antimicrobial peptides through the cell membrane.®> L-histidine, which has a lower
charge density than the other two basic amino acids, was a difficult target. L—histidine
detection was crucial, as the imidazolium group of the side chain had unique functions
that could not be replaced by other amino acids, such as the base catalysis function in
the serine protease’s catalytic triad.?'* This chemical tongue sensor array could
successfully discriminate these three basic amino acids. Moreover, as the fluorescence
responses of L—arginine and L-lysine were similar, they are located close to each
otherin the PCA graph. Because the fluorescence response of L-histidine was lower
than that of L—arginine and L—lysine, it is localized a little further away from these two
amino acids.

Two acidic amino acids (L—glutamic acid and L-aspartic acid) have various
functions beyond being protein monomers. L—glutamic acids are precursors to several
biomolecules, such as gamma—aminobutyric acid (GABA). These amino acids play a
vital role in the urea cycle, especially in the elimination of ammonium. L—aspartic acids
also have a function in the urea cycle. These amino acids are also essential for the
malate aspartate shuttle and gluconeogenesis.®> L—glutamic acid and L-aspartic acid
represented unique fluorogenic responses and clustered into two non—overlapping
groups in the PCA graph. The results show that this fluorescence turn—on/off biosensor
could successfully discriminate these two amino acids.

Among the aromatic amino acids, only L—tryptophan and L—phenylalanine could
be clustered into non—overlapping groups in the PCA plot. They have important roles in

protein—protein interaction and electron transport. These amino acids act as precursors
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to some neurotransmitters. Besides these functions, they absorb light near 280 nm and
emit light at a longer wavelength. The light absorption properties of the aromatic amino
acids allow qualitative and quantitative analysis of proteins.

The detection of L—cysteine mainly depends on the supramolecular recognition
of these amino acid by metal ions. In our study, L—cysteine detection was achieved
successfully. Although L—cysteine did not enhance the fluorescence of PT—Pip as much
as basic amino acids, these amino acids represented distinct fluorescence behavior
against the sensor array.

Among non—polar aliphatic amino acids, L—glutamine was located separately in
the PCA plot, as this amino acid had the lowest interaction with AuNPs.

The fluorescent conjugated polymer—gold nanoparticle complexes have been
widely used as a sensing element for amino acids. Shang et al. proposed a sensor for
cysteine detection.!?® Poly(9,9-bis(4¢—sulfnoatobutyl)fluorene—co—alt—1,4—phenylene)
sodium salt (PFS) was used as a fluorescence source, and AuNPs were used as
fluorescence quenchers. The fluorescence of pre—quenched polymer—nanoparticle
complex was recovered upon addition of cysteine. This sensor enabled the detection of
cysteine among 20 amino acids with (LOD) of 25 nM.

Guan et al. developed a sensor for amino acid sensing that was very comparable
with our study.'” In this study, the cationic PT derivative Poly(1H-imidazolium—1—
methyl-3—[2—[(4—methyl-3—thienyl)— oxy]ethyl]) chloride was used as the fluorescence
element. The fluorescence of PT was quenched by charged complementary citrate—
capped AuNPs. The Ksv of AuNP was 1.29 x 10'® M™!, which was significantly greater
than our finding (110.42 x 10°> M'). Due to the strong interaction between PT
derivative and AuNPs, only two of the 20 amino acids could disrupt the PT-AuNP
complex and enhance the fluorescence of PT. Therefore, only 2 of 20 amino acids were
detected by Guan et al. In our study, the interaction between PT—Pip and AuNPs was
relatively weak. This mild interaction allowed the detection of basic amino acids, acidic
amino acids, and amino acids with functional side groups such as L—cysteine and L—
tryptophan. In addition to these, L-—phenylalanine and L-glutamine were also
discriminated by the PCA analysis.

Wang et al. developed an optoelectronic tongue that combined a poly(para—
phenyleneethynylene) (PPE) (fluorescence sources) with three metal ions( (Fe**, Co*",
and Cu?") (fluorescence quenchers) at three pH values (7, 10, and 13) to discriminate 20

natural amino acids.>' This sensor array containing nine sensing elements could not
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dicriminate 20 natural amino acids, individually, only grouped them as aromatic, polar,
hydrophobic, positive, and negative. Besides, histidine, and glutamine were not grouped
with the positive, and polar amino acids, respectively. Moreover, glycine, methionine,
and cysteine could not be classified at al. The second sensor array was developed by
combining green fluorescent protein (GFP) with three metal ions at pH=7. The
discriminative power of sensor array was higher than the first one, but still some amino
acids could not be clustered into non—overlapping groups. The combination of these two
sensor arrays enhanced the sensitivity and discriminative power. However, it could only
clustered 20 amino acids into five groups; such as positive, negative, polar,
hydrophobic, and aromatic, some amino acids still were not grouped; such as cysteine,
and histidine.

In this thesis, among 20 proteinogenic amino acids, 9 of them were clearly
discriminated by using indirect amino acid sensing appoach. Besides, the amino acid
discrimination was achieved with a single water soluble cationic PT derivative and
single anionic AuNP. Our amino acid sensing strategy offers some advantages such as

high discriminative power, basic procedure, less reagent usage, and cost—effectiveness.
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CHAPTER 4

CONCLUSION

This thesis aimed to develop a novel fluorescence turn—on/off biosensor for
biomolecule and cell analysis. Water—soluble cationic PT derivative poly(1,4—dimethyl—
1—(3—((4—methylthiophen—3—yl)oxy)propyl)piperazine—1—ium bromide) was used as a
fluorescence transducing element due to its excellent light—harvesting and molecular
wire properties, as well as its optical sensitivity to external stimuli. Charge—
complementary AuNPs were utilized as a fluorescence quencher.

In this biosensor, the interaction between the recognition element (PT—Pip—
AuNP construct) and analyte mainly occurred electrostatically. The buffer type and pH
value of the environment significantly influenced the electrostatic interaction between
recognition elements and target analytes, as well as the optical characteristics of PT—
Pip. For the first time, the pH—dependent spectroscopic characterization of the PT-Pip
was performed. The investigation of the pH-responsiveness of PT—Pip indicated that
the aggregation and disaggregation processes in the PT—Pip backbone were controlled
by the addition of acids and bases sequentially. Acid and base treatments affected
interchain and intrachain interactions. These interactions influenced the conformational
and optical properties of PT—Pip. Three distinct PT-Pip conformations were obtained
reversibly by acids and base additions:

1) Random-—coil and disaggregated
i1) Planar and aggregated
1i1) Planar and disaggregated conformations

Three conformations of PT—Pip chains were observed spectroscopically and
colorimetrically.

Fluorescence quenching of PT—Pip with AuNP was investigated for biosensor
development studies. Citrate—capped AuNPs were synthesized by the modified
Turkevich’s method and utilized as an efficient fluorescence quencher. PT—Pip emitted
light at 540 nm, and AuNPs absorbed light at 528 nm. The spectral overlap between
emission by PT-Pip and absorption by AuNPs resulted in fluorescence quenching due

to RET-based energy transfer from PT—Pip to AuNPs. The fluorescence quenching
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mechanism was investigated in detail in MQ water, 1X TE buffer, and 1X PBS buffer.
Fluorescence quenching of PT-Pip via AuNPs was observed in MQ water and 1X TE
buffer but not in 1X PBS. The temperature—dependent alterations of the fluorescence
quenching process were investigated to determine whether the fluorescence quenching
mechanism occurred by static or dynamic (collisional) quenching. The temperature—
dependent decrease in the AuNPs’ Ksv values (Ksv@25 °C:152.16608, Ksv@35 °C:
116.50695, Ksv@45 °C: 106.80267) and the temperature—dependent changes of the
absorbance spectra confirmed that the fluorescence quenching mechanism mainly
occurred by static quenching.

Five protein samples, including metalloproteins and non—metalloproteins (BSA,
Phos A, Phos B, protease, and CC), were used as analytes in the protein sensing study.
Comparable pl (ranging from 4.7 to 10.5) and MW values (12.38 to 160 kDa) of
proteins created a challenging testbed for protein discrimination. Various pH values of
MQ water and 1X TE buffer were tested to tune the interaction between proteins and the
PT-Pip—AuNP complex. PH ~ 7 and pH ~ 9.7 were used as optimum pH parameters.
Thus, five proteins were tested by four cross—reactive sensor elements (TE buffer at pH
= 7.08 and 9.64, and water at pH = 7.00 and 9.70) five times to obtain 100 data points
(four factors x five proteins x five replicates). Alterations of fluorescence intensity
depend on the physicochemical properties of proteins, such as pl, MW, or whether they
are iron—containing proteins. BSA, Phos B, and protease enhanced the fluorescence of
PT—Pip, while the two iron—containing metalloproteins, Phos A and CC, significantly
reduced it. Thus, the five proteins created distinct and multidimensional fluorescence
response patterns against the sensor array. PCA, a non—targeted multivariate statistical
technique, was utilized to visualize these fluorogenic response patterns by explaining
99.4% of the total variance. PCA enabled the clustering of five proteins into five non—
overlapping groups. This novel protein sensing approach demonstrated that the
combination of four cross—reactive sensor elements (PT—Pip—AuNP complexes) and an
appropriate multivariate statistical technique (PCA) successfully discriminates five
proteins. Moreover, this biosensor showed high selectivity toward the two iron—
containing metalloproteins. As a result, a rapid, sensitive, and selective chemical
“‘tongue’’ sensor array was developed for protein detection and discrimination fort he
first time. The detection limits of the sensor for proteins were 46.8 uM for BSA, Phos
A, protease, and CC and 5.3 uM for Phos B.
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The biosensor development studies continued by using seven types of
mammalian cells, including healthy, cancerous, and metastatic cells, as target analytes.
Three cross—reactive sensor elements (1X TE buffer, 25 mM HEPES buffer, and
without buffer) were developed to obtain differential interaction between the PT—Pip—
AuNP construct and cells. The fluorescence microscopy studies performed to
investigate PT-Pip—cell interaction and PT—Pip localization revealed that the PT-Pip—
AuNP complex strongly interacted with cells via electrostatic and hydrophobic
interactions. The fluorescence spectroscopy displayed that PT-Pip—cell interactions
induced the aggregation and planarization of PT—Pip. The degree of aggregation and
planarization of PT-Pip varied from cell to cell, depending on the cell surface’s
physicochemical features. Multidimensional fluorogenic response patterns were
obtained by ratiometric sensing of the seven cell lines. These fluorogenic response
patterns were then quantified by the relative changes in the fluorescence response (the
ratio of Isse to Is42 and Ie32 to Is42) for the three sensor elements. Thus, seven cell lines
were tested by three cross—reactive sensor elements three times to obtain 126 data points
(six factors X seven proteins x three replicates) as a training matrix. PCA explaining
98.1% of the total variance demonstrated that three cell lines (NIH/3T3, HeLa, and
SAOS-2) were successfully clustered into three non—overlapping groups. In contrast,
the other four cell lines (MDA-MB-231, MCF-7, SH-SYS5Y, and BCE C/D-1b) were
compressed without overlapping. Further PCA performed with these four cell lines
explained 89.2% of the total variance and displayed that these cell lines were also
clearly clustered into four groups without overlapping. As a result, this novel cell
sensing assay allowed rapid, sensitive, and selective detection and differentiation of
each cell possessing different physicochemical properties. The detection limit of the
chemical ‘‘tongue’’ sensor array was ~ 2 x10° cells.

Further studies continued by using 20 proteinogenic amino acids as target
analytes. The goal of this study was to discriminate 20 proteinogenic amino acids by
their dictinct —R groups. Amino acid sensing experiments were performed in MQ water
and TE buffer with four pH values (pH = 6, pH = 7, pH = 8.2, pH = 9.8) as solvents.
Thus, 20 amino acids were tested by eight cross—reactive sensor elements three times to
obtain 480 data points (eight factors x 20 proteins % three replicates) as a training set.
The results show that basic amino acids, acidic amino acids, L—cysteine, and L—
tryptophan significantly enhanced the fluorescence of PT—Pip, while the other amino

acids induced lower fluorescence enhancement similarly. 20 amino acids were
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introduced to PT—Pip and AuNPs individually and the absorbance spectra of the PT—
Pip—AuNP complex were examined before and after amino acid addition for a detailed
investigation of the amino acid sensing mechanism. The findings show that amino acids
interacted selectively with AuNPs instead of PT—Pip, which disrupted the non—covalent
coordination between PT—Pip and AuNPs and resulted in the selective displacement of
PT-Pip. PCA performed for statistical evaluation of the fluorogenic responses of the 20
amino acids explained 98.4% of the total variance. In the PCA plot, nine amino acids
were clustered into non—overlapping groups, while the results of 11 amino acids were
very compressed and overlapped. L—arginine, L-lysine, L-histidine, L—glutamic acid,
L-aspartic acid, L—cysteine, L—tryptophan, and L—phenylalanine, which increased the
fluorescence of PT—Pip at different rates, were clustered into eight non—overlapping
groups. Moreover, L—glutamine, which induced almost no fluorescence enhancement,
was clustered as an individual group close to the overlapping results of the other 11
amino acids. This indirect sensing mechanism enables the detection and identification
of nine amino acids by using their specific interaction with AuNPs. The detection limit
of this sensor was 20.8 mM for all amino acids except L—tyrosine (1.1 mM). As a result,
this indirect amino acid sensing assay allowed rapid, sensitive, and selective detection
and differentiation of amino acids possessing specific side chains.

We developed sensitive, selective, and cost—effective ‘‘add and read’ type
fluorescence turn—on/off chemical tongue sensor arrays. The protein, cell, and amino
acid sensing approaches utilized novel PT—Pip—AuNP supramolecular constructs as
recognition elements. The fluorescence was restored and the binding events were
transduced by the selective displacement of PT—Pip which is induced by analyte
additions. Various buffers and pH values were used to tune the interaction between
analytes and PT-Pip—AuNP constructs and create multiple sensor elements. The sensor
arrays generated multidimensional signal outputs. These signal outputs were
analyzed via PCA, an unsupervised method that allows for obtaining a unique
fingerprint for each analyte in an efficient fashion. This chemical ‘‘tongue’ sensor
array achieved rapid sensitive and selective detection and identification of biomolecules
and cells despite the structural complexity, heterogeneity, and similarity of target
analytes, making these sensors a challenging testbed. Further improvements of
differential sensing methodology to develop a chemical tongue sensor array would
increase the sensitivity and selectivity and provide a functional sensing approach for

diagnostic, environmental, pharmaceutical, and food quality control applications. Thus,
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these approaches become a powerful alternative to time—consuming, expensive, and
complex routine methods due to their rapid, cost—effective, and effortless operation.

The major impact of this work is to demonstrate the benefit of using the PT—
Pip—AuNP complex as a recognition element to discriminate proteins, mammalian cells,
and amino acids. Combination of water—soluble cationic PT derivative poly(1,4—
dimethyl—1—(3—((4—methylthiophen—3—yl)oxy)propyl)piperazine—1—ium bromide) and
AuNPs was used for the first time utilizing fluorescence turn on/off sensing approach
for biomolecule and mammalian cell discrimination. As a future perspectives, the
discriminative power of the sensor array can be enhanced by using differentially
functionalized AuNP derivatives, or different metal ions with a fluorescence quenching
ability. This developed sensor array can also be used for the detection and identification
of other biomolecules; such as nucleic acids or carbohydrates in following studies.
Further from the biomedical point of view, the qualitative and quantitative
determination of specific biomarkers in body fluids (serum or urine) can be achieved

with this sensor array for the diagnosis, prognosis, and treatment of diaseases.
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